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Abstract 
Electrospinning is an efficient technique widely used for making nanofibres. It is 
versatile in processing different polymeric materials and has good control over fibre 
diameter and fibrous structure. Electrospun nanofibres show enormous potential for 
applications in areas as diverse as tissue engineering, drug delivery, catalysis, 
sensors, energy conversion and storage, reinforcement, and environmental 
protection. Needle-based electrospinning, which uses a needle like nozzle, is widely 
used for producing nanofibres in laboratories.  
Several methods have been developed to increase electrospinning productivity, 
such as a multi-needle nozzle, air-jet to enhanced electrospinning and needleless 
spinnerets. Among them, the needleless electrospinning shows great potential for 
industrial applications because of the large productivity, easy operation and no need 
to clean the spinneret during electrospinning. Being different to needle like 
electrospinning, needleless electrospinning (NL-ES) produces fibres in a way that 
the jet initiation is not constrained by capillary effect occurring in a needle nozzle. 
As a result, numerous nanofibres are generated from an open liquid surface in the 
spinneret. So far, various spinnerets have been designed for needleless 
electrospinning, including disc, ball, twisted wires, frame, rod, and circular-shaped 
gutter. 
Slot electrospinning which uses narrow slot as a spinneret, combines the advantages 
of both needle and needleless electrospinning, with precisely controlled solution 
condition. Most of the existing slot electrospinning techniques, however, use a 
  
 
straight linear slot as spinneret. The effects of slot geometry on electrospinning 
process and fibre morphology have not been reported in the research literature.  
In this study, four convex slots with different line shapes, i.e. curved, straight, 
rectangular and triangular, have been used as spinnerets to examine the effects of 
slot linear shape on electrospinning process, fibre morphology and productivity. 
The electric field intensity distribution of these slot spinnerets was analysed by 
Finite Element Method. Our experiment results have indicated that the slot line 
shape played an important role in affecting fibre diameter, productivity and 
uniformity of the fibrous membranes. Compared to the other slots studied, the 
curved slot has larger nanofibre productivity with larger uniformity for the resulting 
fibrous membranes; the curved slot had higher electric field with more uniform 
distribution of electric field intensity along the slot length direction. 
Furthermore, another efficient and scalable NL-ES technique has been 
demonstrated to fabricate polymer nanofibres with fine fibre diameters and well-
controlled structure.  
Normally, electric static field force is the predominately used as a driving force for 
needleless electrospinning. Here, a novel technique was employed to combine a 
high velocity airflow field with electric static field. This not only benefits to jet 
initiation and elongation but also guides jet movement. When a pair of inductive 
electrodes were set near the slot spinneret, jet initiation took place at a much lower 
applied voltage. 
Then, the electric static field and airflow fluid field in the electrospinning zones 
were analysed using a finite element method (FEM). The effect of parameters (e.g. 
  
 
concentration (c), applied voltage (Va), inlet airflow velocity (v0), slot width (d), 
induction distance (l), and collecting distance) on the NL-ES process, nanofibre 
morphology, fibre productivity, and diameter were systematically investigated. 
A promising application of electrospun nanofibre nonwovens is in the air filtration 
field. In this thesis, we examined the effect of solution temperature on the curved 
slot needleless electrospinning and the air filtration properties of the needleless 
electrospun nanofibre nonwovens. This work will help to improve the needleless 
electrospinning performances and produce high quality air filters. 
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1. Chapter 1 Introduction 
1.1 Significance of research 
Electrospinning is an efficient technique widely used for making polymer 
nanofibres. It is versatile in processing different polymeric materials and 
controllable in producing nanofibres with consistent morphology and fibre diameter. 
Electrospun nanofibres have attracted numerous attention owing to their 
widespread applications in areas such as tissue engineering, drug delivery, catalysis, 
sensors, energy conversion and storage, reinforcement, and environmental 
protection.  
The global market for nanofibre products was worth US$80.7 million in 2009, and 
is estimated to reach US$101.5 million by the end of 2010. The market is forecast 
to grow at a compound annual growth rate (CAGR) of 34.3% through 2015, and at 
a 37.2% CAGR from 2015 through 2020, reaching nearly US$2.2 billion in total 
revenues by 2020. The mechanical/chemical sector is estimated to account for 73.2% 
of all revenues in 2010, with a value of $74.3 million. This sector is forecast to grow 
at a CAGR of 33.4% from 2010 through 2015, and a CAGR of 35.3% from 2015 
through 2020, to be worth an estimated US$1.4 billion in 2020. Electronics is the 
fastest growing segment, increasing at a CAGR of 45.3% from 2010 through 2015, 
and a CAGR of 50.7% from 2015 through 2020. This segment is expected to be 
worth US$6.4 million in 2010 and US$323 million in 2020.  
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1.2 Research problems 
Electrospinning is an efficient technique widely used for making nanofibres. It 
is versatile in processing different polymeric materials and has good control in fibre 
diameter and fibrous structure. Electrospun nanofibres show enormous potential for 
applications in areas as diverse as tissue engineering, drug delivery, catalysis, 
sensors, energy conversion and storage, reinforcement, and environmental 
protection. Despite the wide uses in research laboratories, needle-based 
electrospinning, which uses a needle like nozzle, is seldom used for producing 
nanofibres in industry due to the limited nanofibre production rate. 
Several methods have been developed to increase electrospinning productivity, 
such as a multi-needle nozzle, air-jet to enhanced electrospinning and needleless 
spinnerets. Among them, the needleless electrospinning shows great potential for 
industrial applications because of the large productivity, easy operation and no need 
to clean the spinneret during electrospinning.  
Being different to needle like electrospinning, needleless electrospinning 
produces fibres in a way that the jet initiation is not constrained by capillary effect 
occurring in a needle nozzle. As a result, numerous nanofibres can be generated 
from an open liquid surface in the spinneret. In comparison with multi-needle 
electrospinning, electric field interference among these jets is typically smaller, and 
therefore more jets can be generated from a compact space. However the solution 
in most of the existing needleless electrospinning systems exposes to air on a far 
larger surface than needed. The excessive evaporation of solvent results in gradual 
increase in solution concentration during electrospinning, hence the diameter of the 
resulting fibres. Such a problem becomes more serious when the solution contains 
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a highly volatile solvent, such as acetone and ethanol. The increased concentration 
also reduces fibre productivity, fibre evenness and fibrous uniformity.  
Slot is a simple needleless spinneret that has been used for electrospinning of 
nanofibres. An advantage of slot spinneret is that it is a relatively close system for 
solution, thus assists to mitigate the solvent evaporation. All the slot-shaped 
spinnerets reported have a straight linear shape. In our previous work, we have 
investigated the electric field distribution and electrospinning performances of 
different needleless spinnerets, such as cylinder, disk, and coil. Our previous works 
have uncovered that the spinneret geometry plays a key role in determining the 
electric field intensity distribution on the spinnerets. For coil spinneret, the electric 
field intensity on the coil surface is much higher than the other area. This enables 
the formation of thin nanofibres uniformly on coil spinneret. It is hypothesized that 
slot geometry should also have an influence on the electrospinning performance. 
However, curved slot and the effect of slot curvature on electrospinning process, 
fibre morphology and productivity have not been reported in research literature.  
    So the knowledge gap 1 was proposed: It lacks systematic knowledge on how 
slot linear shape affects slot electrospinning and resulting nanofibres. 
 
     Regardless of electrospinning types, many parameters (e.g. applied voltage, 
collecting distance, spinneret geometry, solution properties, environmental 
temperature, and humidity) can influence electrospinning process and the resulting 
fibre quality. Solution temperature influences on solution viscosity, surface tension, 
and conductivity, which affect the electrospinning behaviours and fibre properties. 
Despite of the results, the influences of solution temperature on needleless 
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electrospinning have little been reported in research literature, and neither the 
application performance of needleless electrospun nanofibre nonwovens.  
    So the Knowledge gap 2 is listed as: Limited knowledge is available on how 
solution temperature affects jet initiation, fibre diameter and production rate 
in needleless electrospinning. 
     In conventional electrospinning, auxiliary fields are used for various purposes 
such as improving spinning ability, increasing nanofibre productivity, and 
regulating fibre deposition. Previous papers have reported the effect of a second 
electrical field, external magnetic field, centrifugal force, and aerodynamic force on 
electrospinning and fibre morphology. For example, an air jet coaxially aligned 
with needle nozzle allowed some poorly spinningable materials to be spun into 
uniform nanofibres. A second electrical field was set near the collector to control 
fibre deposition and alignment on the collector. An external magnetic field was 
applied to initiate jet formation. A centrifugal force was introduced to electrospin 
aligned nanofibres and increase fibre productivity. Among the auxiliary fields, 
electrical field and aerodynamic field received more attention owing to the eases of 
set up and control during electrospinning process.  
Recently, a few papers have reported the use of an aerodynamic field in 
needleless electrospinning to increase the nanofibre productivity. Needleless 
electrospinning is featured as electrospinning of nanofibres from an open liquid 
surface without using needle like nozzle. It is an upgraded electrospinning 
technology showing great potential for producing polymeric nanofibres on a large 
scale from a compact space. The use of auxiliary fields in needleless electrospinning 
is expected to considerably increase nanofibre quality and productivity. 
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    In most of the cases, a single auxiliary field is employed in an electrospinning 
process, whereas using multiple auxiliary fields to modify electrospinning has been 
less reported. Needleless electrospinning with both auxiliary electric and 
aerodynamic fields have little been reported in research literature.  
   So the Knowledge gap 3 is concluded as: There is limited knowledge on how 
to apply auxiliary fields into assisting needleless electrospinning. 
    Finite element method (FEM) has already commonly used to study electric field 
in conventional needle electrospinning and needleless electrospinning. However, in 
slot electrospinning, theoretical study of the effect of slot shape on electrospinning 
process and nanofibre has not been reported. While for auxiliary fields aided 
electrospinning, there is no reports about FEM analysis on multi auxiliary fields 
and their synergistic effect on electrospinning process and nanofibre forming. So 
the knowledge gap 4 is: FEM analysis on multi physic fields in slot 
electrospinning has never been reported.        
 
1.3 Specific Aims 
Accordingly, this PhD project will focus on the following three specific aims: 
Aim 1: Find out how operating parameter affect the electrospinning of 
waterborne polymer.  
In this project, the narrow gap spinneret will designed. Various parameters such as 
applied voltage, polymer concentration, the width of the narrow gap of spinneret, 
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and the gas flow pressure should have great influences on the nanofibre morphology, 
diameter and productivity, which will be examined in detail.  
Aim 2: Examine the effect of solution properties on needleless electrospinning 
and nanofibres.  
These solution properties include surface tension, viscosity, and rheological 
properties. Solvent, additives, polymer solution concentration and temperature will 
be used as variables for the solution properties. Their effects on needleless 
electrospinning process, fibre morphology and productivity will be discussed in 
detail.  
Aim 3: Study the syncretic effect of multi auxiliary fields on needleless 
electrospinning.  
Needleless electrospinning upon aided simultaneously by an aerodynamic field and 
a second electric field will be applied into the study.  A slot electrospinning will be 
used as needleless spinneret model because slot is a relatively closed spinneret with 
small solvent loss. A syncretic effect between the two auxiliary fields will be 
studied to know their effect on needleless electrospinning process, nanofibre 
productivity and morphology. A finite element calculation will be performed to 
analyse airflow velocity distribution and effect of the inductive electrodes on 
electric field intensity profile. In addition, effect of various parameters on the 
electrospinning process, nanofibre morphology, and fibre productivity will be 
examined.  
Aim 4: analyse electric field and airflow field by FEM. 
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Meanwhile, the distributions of electric field and gas flow field in needleless 
electrospinning system will be simulated by Finite element method (FEM), 
COMSOL software. To set a calculation, the actual geometry and dimension of the 
electrospinning setups (i.e. spinneret, container, and collector) were input into the 
program, with the aid of 3D CAD software Solidworks. To build mesh for the 
spinning zone, the element size for maximization was set at 30 mm, the 
minimization at 5.4 mm. The mesh in the spinneret and the solution was set with 
the element size for maximization at 10.5 mm and minimization at 0.45 mm.  Other 
parts meshing and calculation of the resulted electric field and airflow field profiles 
were performed by the software using default settings. 
1.4 Thesis outline 
Besides this chapter, this thesis includes six more chapters as described below. 
Chapter 2 is a literature review about progress on electrospinning technology, 
especially large scale electrospinning technology.  
Chapter 3 lists all materials and chemicals, needle and needleless electrospinning 
setups, experimental processes, characterization methods, and instruments which 
are used in the project. 
Chapter 4 reports novel needleless electrospinning technology with slot spinnerets. 
The influences of solution properties and process parameters on electrospinning 
process, nanofibre morphology, and nanofibre productivity were examined. 
Parameters including applied voltage, dimension of the slot spinneret, and 
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collecting distance were discussed. Finite element method (FEM) was used to 
analyse the electric field intensity profiles in the needleless electrospinning zone.  
Chapter 5 studied the effect of solution temperature on solution properties such as 
viscosity, conductivity, and surface tension, electrospinning process, nanofibre 
morphology and productivity, and the air filtration performance.  
Chapter 6 introduces the electro-aerodynamic auxiliary field aided needleless 
electrospinning. In this chapter, effects of airflow, inductive electrode and electric 
field on spinning process, nanofibre morphology and productivity were reported.  
Airflow field and electric field distribution were analysed by FEM, commercial 
Comsol software.    
Chapter 7 concludes the entire results in this project, including the main conclusions 
obtained from chapter 4 to chapter 6. Future works in this field are also proposed. 
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2. Chapter 2 Literature review 
2.1 Conventional needle electrospinning 
Nanofibres are defined as fibres with a diameter less than 100 nm. Benefit from 
their small size, large surface-to-volume ratio and size effect, nanofibres have 
shown unique mechanical, optical, thermal and electronic properties, which allow 
them to be used  in various fields including filtration, energy storage, wound 
dressing, vascular grafts, enzyme immobilization, sensor, reinforcement, blood 
vessel, tissue engineering and military defence 1-6.  
Several techniques have been developed to prepare nanofibres, such as direct 
deposition in non-solvent, template, mechanical drawing, melt-blowing, solution 
blowing, phase separation, self-assembly and electrospinning 7. Among these 
methods, electrospinning is distinct to the others in that they are continuous in 
length and controllable in morphology, diameter and fibrous structure. 
2.1.1 History 
The first description on electrospraying was found in a book titled “De Magnete, 
Magneticisque Corporibus, et de Magno Magnete Tellure” written by William 
Gilbert in 1600. It indicated that water drop turned into a cone shape when it was 
approached by a charged amber and smaller droplets could be ejected from the cone 
tip 8. After two centuries later, fibres were found to be generated from this process. 
In 1887, C. V. Boys described an experiment of “electrical spinning” in which that 
fibres were generated from materials including beeswax, sealing-wax, gutta-percha, 
shellac and collodion, when a stock liquid approached the edge of a charged dish 9. 
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Table 2-1 patents about electrospinning between 1902 and 1992. 
Patent 
number 
Date Holder Title  
US 692631 Feb. 1902 J.F. Cooley Apparatus for electrically 
dispersing fluids 
US 705691 Jul. 1902 W.J. Morton Method of dispersing fluids 
US 745276 Nov. 1903 J.F. Cooley Electrical method of dispersing 
fluids 
US 1975504 Oct. 1934 A. Formhals Process and apparatus for 
preparing artificial threads 
US 2048651 Jul. 1936 C.L. Norton Method of and apparatus for 
producing fibrous or filamentary 
material 
US 2109333 Feb. 1938 A. Formhals Artificial fibre construction 
US 2158415 May 1939 A. Formhals Method of producing artificial 
fibres 
US 2160962 Jun. 1939 A. Formhals Method and apparatus for 
spinning 
US 2168027 Aug. 1939 E.K. 
Gladding 
Apparatus for the production of 
filaments 
US 2187306 Jan. 1940 A. Formhals Artificial thread and method of 
producing same 
US 2185417 Jan. 1940 C.L. Norton Method and apparatus for 
forming fibrous materials 
US 2323025 Jun. 1943 A. Formhals Production of artificial fibres 
from fibre forming liquids 
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US 2338570  Jan. 1944 H.R. Childs Process of electrostatic spinning 
US 2349950 May 1944 A. Formhals Method and apparatus for 
spinning 
US 2636216 Apr. 1953 W.C. 
Huebner 
Method and means of producing 
threads or filaments electrically 
US 2908545 Oct. 1959 J.D. Teja Spinning nonfused glass fibres 
from an aqueous dispersion 
US 3280229 Oct. 1966 H.L. Simons Process and apparatus for 
producing patterned non-woven 
fabrics 
US 3475198 Oct. 1969 E.W. Drum Method and apparatus for 
applying a binder material to a 
prearranged web of unbound, 
non-woven fibres by 
electrostatic attraction 
US 3490115 Jan, 1970 J.E. Owens 
and S.P. 
Scheinberg 
Apparatus for collecting charged 
fibrous material in sheet form 
US 3670486 Jun. 1972 G.L. Murray Electrostatic spinning head 
funnel 
US 3689608 Sep. 1972 H.J. Hollberg 
and J.E. 
Owens 
Process for forming a  non-
woven web 
US 3901012 Aug. 1975 V. Safar Method of and device for 
processing fibrous material 
US 3994258 Nov. 1976 W. Simm Apparatus for the production of 
filters by electrostatic fibre 
spinning 
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US 4044404 Aug. 1977 G.E. Martin, 
I.D. 
Cockshott 
and F.J.T. 
Fildes 
Fibrillar lining for prosthetic 
device 
US 4127706 Nov. 1978 G.E. Martin, 
I.D. 
Cockshott 
and K.T. 
McAloon 
Porous fluoropolymer fibrous 
sheet and method of manufacture 
US 4230650 Oct. 1980 C. Guignard Proceed for the manufacture of a 
plurality of filaments 
US 4323525 Apr. 1982 A. Bornat Electrostatic spinning of tubular 
products 
US 4345414 Aug. 1982 A. Bornat and 
R.M. Clarke 
Shaping process 
US 4468922 Sep. 1984 P.E. McCrady 
and R.B. Reif 
Apparatus for spinning textile 
fibres 
US 4486365 Dec. 1984 B. Kliemann  
and M. Stoll  
Process and apparatus for the 
preparation of electret filaments, 
textile fibres and similar articles 
US 4552707 Nov. 1985 T.V. How Synthetic vascular grafts, and 
methods of manufacturing such 
grafts 
US 4618524 Oct. 1986 D. Groitzsch 
and E. 
Fahrbach 
Microporous multilayer non-
woven material for medical 
applications 
US 4689186 Aug. 1987 A. Bornat Production of electrostatically 
spun products 
US 4878908 Nov. 1989 G.E. Martin, 
I.D. 
Fibrillary product 
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Cockshott 
and F.J.T. 
Fildes 
US 4965110 Oct. 1990 J.P. Berry Electrostatically produced 
structures and methods of 
manufacturing 
US 5024789 Jun. 1991 J.P. Berry Method and apparatus for 
manufacturing electrostatically 
spun structure 
US 5088807 Feb. 1992 C.M. Waters, 
T.J. Noales, I. 
Pavey and C. 
Hitomi 
Liquid crystal devices 
Table 2.1 showed the patents about electrospinning between 1902 and 1992. In 
1902, J.F. Cooley and W.J. Morton patented a method of using high voltage 
electricity to generate fibres, which was considered to be the start of modern 
electrospinning 10-12. Then this technology was put forward by several scientists. In 
1914, J. Zeleny studied the behaviour of fluid droplets, which is marked as the 
beginning of mathematical modelling of electrospinning 13. Between 1964 and 1969, 
G. I. Taylor modelled the shape of the fluid cone under an electric force, and the 
charge-driven cone on fluid droplet is now called “Taylor cone” 14. Further, J.R. 
Melcher developed the conducting fluid model that is also known as “leaky 
dielectric model”.     
Apart from the modelling work, technological breakthroughs were achieved. From 
1934 to 1944, A. Formhals patented a serious of electrospinning setups for 
producing fine continuous fibres15-18. Between 1936 and 1940, melt electrospinning 
and air-blast assisted electrospinning were developed by C.L. Norton 19, 20. In 1939, 
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E.K. Gladding proposed a process to fabricate filaments, threads and the likes 21. 
From 1977 to 1989, G.E. Martin et al. designed electrospinning line for mass 
production of fibrillar products such as porous fluoro polymeric fibrous sheets and 
mats 22-24. In 1982, A. Bornat et al. took the advantage of electrospinning to 
manufacture tubular fibre products 25, 26. Between 1990 and 1991, J.P. Berry 
proposed the use of electrospinning to fabricate fine fibre products with special 
structures 27, 28. 
Accompanied with the increasing interest in nanomaterials in the late 1990s, 
electrospinning, as an efficient method to prepare one-dimensional nanomaterials, 
was re-investigated. The term “electrospinning” instead of “electrostatic spinning” 
was used since 1994. Doshi and Reneker patented on making polymer nanofibres 
using this technology 29. Since 1995, electrospinning, more and more works were 
conducted on finding applications of electrospun nanofibres and theoretical aspect 
of electrospinning process. As shown in Figure 2.1, 23255 publications are found 
in SciFinder under the keyword ‘electrospinning’. Between 1994 and 2000, there 
were less than 20 publications per year. However, the publication number increased 
dramatically since 2001. Especially in the recent 5 years, publications were over 
2,500 annually. Electrospinning has become one of the hottest technologies in the 
nanotechnology field. 
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Figure 2-1 Number of scientific publications on electrospinning since 1994 
(Database is SciFinder, keyword is electrospinning, and search date is 01/2017). 
2.1.2 Principle 
An electrospinning process typically consists of three stages: 1) jet initiation, 2) 
whipping instability and 3) solidification and deposition.30 
Jet initiation  
The electric field force is identified as the driving force for electrospinning. A 
solution jet generally generated when the electric field force becomes strong enough 
to overcome the surface tension of the solution. According to Taylor’s theory 14, the 
voltage Vc for conventional electrospinning is given by:  
)09.0)(3.1)(5.1)2(ln(4 2
2
2 γπR
R
h
h
HVc −=                                                             (1) 
where H is collecting distance, h is the liquid column’s length, R is the needle 
diameter, and γ is the surface tension of the polymer solution. 
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Growth of whipping instability 
The jet diameter decreases after the Taylor cone, meanwhile the jet length and the 
characteristic time for the excess charge to redistribute become longer. Charge 
redistributing causes growth in jet instabilities. Reneker and Hohman et al 31, 32 
analysed the instabilities. They proposed the jet path in electrospinning zone, and 
suggested that the jet often experienced three electrical bending instabilities: 1) 
classical Rayleigh instability, which is an axisymmetric instability due to the 
surface tension of the solution jet; 2) axisymmetric instability, which is affected by 
the electric field more than the Rayleigh instability; 3)non-axisymmetric instability, 
which corresponds to long wave perturbations driven by the lateral electric force 
and the aerodynamic interaction. 
Fibre solidification and deposition 
During the solvent evaporation and filament solidification process, the mass and 
volume of the fluid jet decreased. Yarin et al indicated that the diameter of the dry 
fibre was 1.3×10-3 times the initial jet. The solidification rate depends on polymer 
concentration, solvent type, spinning distance, temperature and humidity 33. 
The morphology and fibrous structure of electrospun fibres are affected by the 
collector. When a grounded stationary plate is used as collector, a randomly 
oriented fibre mat is collected. Other collectors such as a frame, solvent bath, 
rotating mandrel have been used to collect aligned fibre mat, fibre yarn, aligned 
fibre array, and tube. In addition, the collection is added by an auxiliary electric or 
magnetic field. The fibres with different structures have largely extended the 
applications of electrospun nanofibres. 
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2.1.3 Applications 
 
Figure 2-2 Application map of electrospinning nanofibres. 
Electrospun nanofibres have two main unique characteristics, 1) high surface-to-
mass (or volume) ratio, and 2) ability to form a highly porous fibrous membrane 
with excellent pore interconnectivity. These features together with the adjustability 
in fibre diameter, surface morphology and fibrous structure, and functionality from 
the polymer materials have provided electrospun nanofibres with enormous 
opportunities to be used in various fields. Figure 2.2 highlighted the major 
applications of electrospun nanofibres. 
2.2 Improved electrospinning technologies 
2.2.1 Multiple needle electrospinning 
The main drawback of conventional electrospinning is low production rate. Early 
researchers have tried to increase the productivity by using multiple needle nozzles. 
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However, there is a difficult in densely arrange the electrospinning needles. This is 
because electrospinning only takes place on the nozzles at the periphery when 
multiple nozzles are densely arranged. The unfavourable electric field profile 
prevents middle nozzles from electrospinning 34.  
Standard lab based electrospinning setup often uses one needle nozzle. To increase 
the fibre production, multiple needles can be used. However, the configuration of 
the needle arrangement needs to be optimized to reduce charge interference 
between the needles 35.  
For multiple needles, the maximum field strength is smaller than a single needle 36. 
For a needle array, the electrical field gets progressively weaker from the edge to 
the centre. When the distance between nozzles is reduced, this tendency becomes 
more significant. Even if the  inter-nozzle distance increases to 5 cm, the electric 
field strength of every nozzle is still different 37, causing difficulties in initiating jet 
in the area close to the centre.  
When multiple nozzles are arranged in a way that a needle nozzle is in the centre 
and it is surrounded by other nozzles, the Coulomb forces exerted by the 
surrounding jets forces the jet generated by the central nozzle to travel in a more 
direct trajectory towards the collector. This result in wet fibres and because of this 
the tip to collector distance has to be increased to allow the jet have sufficient time 
to dry into fibre 34 . Fluctuation in the electric field at the nozzle tip and interference 
between the adjacent jets could suppress the central nozzle from electrospinning. 
As a result, thick wet fibres could be deposited on the collector 38.  
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To solve this problem, a metal ring was added to surround the multiple needles. The 
metal ring functions to shield the high electric field generated in the periphery 
needles, allowing electrospinning on all the nozzles. When the shield ring was 
removed, electrospinning jets from multiple nozzles tended to diverge from one 
another due to Coulomb forces. Having the ring shield to suppress the outward 
divergence of the jets, jets maintained a straight path from all the needle nozzles 39. 
The fibres electrospun were coarser when compared to those electrospun without 
the ring shield. This was attributed to the reduced jet flight time 39. Yang et al 
reported a nozzle consisting of 37 needles which were arranged in hexagonal with 
a shield ring. The inter-needle distance was 1 cm. By optimizing the diameter of 
the shield ring and its height, they obtained a fairly uniform electric field across the 
tip of the needles. Although distinct patches of fibres formed initially, fibre 
distribution over the whole deposition area became uniform after an hour of 
spinning, and the spinning worked without any issue for 4 h. With increasing 
number of needles, the minimum working distance between the tip and the collector 
increased and it reached 35 to 38.5 cm for 37 needles. 
Multiple nozzles have been used successfully to fabricate aligned fibres. 
Krishnamoorthy et al reported a setup comprising twenty four nozzles arranged in 
a rectangular with inter-nozzle distance of 1.1 cm 40. A rotating drum, speed 1200 
rpm, was employed to collect aligned nanofibres. At an applied voltage of 15 kV, 
and spinning distance of 10 cm, they produced fairly aligned tin 
precursor/polypyrrolidone fibres.  
The needle nozzle length also has an effect on the electric field profile. The finite 
element analysis indicated that longer needle reduced the electric field intensity. 
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Therefore, short needle is favourable to needle electrospinning. To mitigate the 
effect of needle length on electric field, Kumar et al used a plastic filter to reduce 
the exposure of needle 41. The presence of a plastic filter on needle nozzle 
considerably reduced the interference between the electrospinning jets, and fibre 
deposition on the collector became more uniform. Although the charge interactions 
between the jets still existed, it is much weaker than before. Fibre diameter 
distribution became narrower when plastic filter was covered on the nozzles, 
whereas fibres prepared without the plastic filter showed bimodal diameters 
attributive to differences in electric field between needles. 
2.2.2 Needleless electrospinning 
In the past decade, growing research has been devoted toward needleless 
electrospinning. Research publication has been increasing constantly over the years. 
Over 100 articles about needleless electrospinning or free surface electrospinning 
have been published since 2016. The publications number between 2014 and 2016 
was approximately ten times more than that of 2007 - 2013 (Figure 2.3a). Research 
is widespread to many countries. China, Australia, and Czech Republic take about 
80% of publication, followed by USA, Germany, and England (Figure 2.3b).  
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Figure 2-3 Statistic analysis of research publication in the field of needleless 
electrospinning from 2007 to 2016 (Source: Thomson Reuters Web of Knowledge). 
Needleless electrospinning is featured as electrospinning of nanofibres directly 
from an open liquid surface. Numerous jets are formed simultaneously from the 
fibre generator without the influence of capillary effect that is normally associated 
with needle-like nozzles.42 The generation of multiple jets from a needleless 
spinneret has been explained as follows: the waves of an electrically conductive 
liquid self-organize on a mesoscopic scale and finally form jets when the applied 
electric field intensity is above a critical value.42 The jet initiation and resulting 
fibre morphology are highly influenced by the electric field intensity profile around 
the spinneret and in the electrospinning zone, which is governed by the applied 
voltage and the shape of the needleless spinneret. Therefore, spinnerets in 
needleless electrospinning play essential roles in determining the electrospinning 
process, fibre quality, and productivity. In this study, the state of the art in 
needleless electrospinning is introduced. Important progress in needleless spinneret 
development is summarized.  
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2.2.2.1 Needleless electrospinning with motionless spinnerets  
Needleless electrospinning heavily relies on the spinneret and jet initiation from an 
open liquid surface. How to make the electric forces concentrate on the solution 
surface where jets are expected to generate is the key to needleless electrospinning. 
Figure 2.4 shows some motionless spinneret designs and Table 2.2 lists motionless 
spinnerets reported so far and their productivity. It should be pointed out that the 
productivity data only provided a reference, but they are incomparable among those 
spinnerets due to the differences in spinneret dimensions and material systems. 
 
Figure 2-4 Schematic summary of needleless motionless spinnerets. 
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Table 2-2 Features of motionless spinnerets. 
Spinneret  Fibre diameter 
(nm) 
Spinning voltage  
(kV) 
Productivity* 
(g/h) (polymer) 
Magnetic fluid  200-800 32 12 (PEO) 
Cleft  - 32-43 5.3-13.2 (PVA) 
Stepped pyramid 87-289 55-70 2.3-5.7 (PVA) 
Stationary wire >150 50-70 27.0 (PA6) 
Conical wire coil 100-700 45-70 0.86-2.75 (PVA) 
Tilted plate 292 ± 28 28 0.27 (PEO) 
Bowl  268 35-55 0.684 (PEO) 
Slot  - 20-25 0.9 (PAN) 
Curved slot 297-556 50-70 0.6 (PVA) 
 
Magnetic fluid 
In 2004, Yarin and Zussman 43 reported a needleless electrospinning system that 
used a magnetic field to initiate the jet formation. The setup comprised a bottom 
layer of ferromagnetic fluid and an upper layer of polymer solution (Figure 2.5a). 
When an external magnetic field was applied to the fluid system and an electric 
field was added simultaneously to the polymer solution layer, the ferromagnetic 
fluid triggered the formation of steady vertical spikes, which perturbed at the 
interlayer interface. Under the action of a strong electric field, these spikes were 
drawn into fine solution jets (Figure 2.5b). Compared to the multi-needle 
electrospinning, this needleless setup can produce poly(ethylene oxide) (PEO) 
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nanofibres with 12 times higher productivity. Nevertheless, the nanofibres 
electrospun are relatively coarser with larger diameter distribution. 
 
Figure 2-5 (a) Schematic diagram of a magnetic field initiated electrospinning setup. 
(b) Spikes formed on the silicone oil-based magnetic fluid under the action of a 
permanent magnet. 43 
Bubble spinneret 
Air flow was also used to assist the jet initiation of electrospinning. In 2007, gas-
jet electrospinning process was reported by Liu et al, 44 which was also named 
“bubble electrospinning”. In this method, bubbles generated on the liquid surface 
increases the local curvature. As a result of the jet initiation, electrospinning starts 
(as shown in Figure 2.6). This technique has a higher fibre throughput than needle 
electrospinning. However strip-like and sphere-like morphologies are easy to 
produce because of the break of the bubbles.45 Many polymers have been 
electrospun by this methods, including poly(ethylene oxide) (PEO), 44 poly(vinyl 
alcohol) (PVA),46 polylactide,47 and polyacrylonitrile (PAN) 48. 
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Figure 2-6 (a) Schematic of bubble electrospinning setup. (b) Photo of bubble 
electrospinning process. 45 
Cleft spinneret 
Lukas et al.49 reported an electrospinning setup which used linear clefts as spinneret 
(Figure 2.7). The authors also developed a one-dimensional electro-hydrodynamic 
theory to explain the process of electrospinning conductive liquids from an open 
plane surface (Figure 2.7). During the electrospinning process, the amplitude of 
characteristic wavelength grew faster because of the electric force. The fastest 
growing stationary wave marked the onset of electrospinning from a free liquid 
surface. This theory not only predicated the critical value of the electrospinning 
process but also explained the upward needleless electrospinning. 
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Figure 2-7 Capillary and cleft spinnerets. (a) Capillary spinneret consists of a needle 
∕capillary. (b) Capillary spinneret consists of two metallic plates. 49 
Stepped pyramid 
Jiang et al.50-53 reported a needleless electrospinning approach in which a stepped 
pyramid-shaped fibre generator was used (Figure 2.8a). During electrospinning, 
multiple jets were observed to generate on the edges of the step edges (Figure 2.8b). 
The fibre productivity greatly increased with increasing to the applied voltage. The 
highest fibre productivity for PVA was 5.7 g h-1.  
Wire spinnerets 
In 2010, Elmarco introduced production lines with stationary wire spinnerets 
(Figure 2.9a). During the electrospinning process, the high voltage was applied to 
the stationary wires and polymer solution was loaded on the surface of the wires by 
moving the wire through the polymer solution. Then, numerous jets are generated 
from the wire surface. Figure 2.9b is a design of a Nanospider developed by 
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Elmarco. It has a better spinning performance than the previous version which use 
rotating drum as spinneret. 
 
Figure 2-8 (a) Scheme of the electrospinning apparatus using a stepped pyramid 
spinneret. (b) Photograph the electrospinning process. Inset: a magnified image of 
the jets generated sites. [53] 
 
Figure 2-9 (a) Elmarco’s wire spinneret Nanospider. (b) Digital image of the 
needleless electrospinning process. From website www.elmarco.com. 
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Wang et al. 54 reported a conical coil spinneret that functioned as both the solution 
container and fibre generator (Figures 2.10 a and b). When a high voltage was 
applied to the wire coil, solution was stretched out from coil to form solution jets 
(Figure 2.10c). This setup was able to work at an applied voltage as high as 70 kV. 
It can improve the electrospinning productivity by 13 times and produce finer 
nanofibres compared with the conventional needle electrospinning. 
Holopainen et al.55 reported a twisted wire electrospinning setup that the polymer 
solution was electrospun from the surface of a twisted wire set (Figure 2.11). Fast 
drying of the polymer solution from the wire leads to difficulties in cleaning the 
dried polymer from the wire surface. 
 
Figure 2-10 (a) Schematic illustration of the conical wire coil electrospinning setup, 
(b) photograph of the electrospinning process, and (c) illustration of the jet 
formation. 54 
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Figure 2-11(a) Schematic of needleless electrospinning with twisted wire. (b) Photo 
of spinning process with twisted wire spinneret. 55 
Bowl 
More recently, an aluminum bowl was used as a spinneret to electrospin nanofibres 
56. The jet initiation on the bowl surface was quite similar to that on the needle 
electrospinning. Nanofibres generated from the edge of the bowel were deposited 
on a concentric cylindrical collector. When a high voltage was applied, the solution 
on the bowel surface deformed immediately, forming cone like protrusions at the 
bowel edge. Solution jets were ejected from these protrusions. Nanofibres produced 
by this electrospinning system exhibited the similar quality to those produced by 
conventional needle electrospinning, while the production rate was 40 times higher. 
Edge-Plate 
In another setup reported by Thoppey et al. 57, a plate with a certain horizontal angle 
was used for retaining the spinning solution, and nanofibres were generated from 
the plate edge (Figure 2.12). An electrically insulated reservoir connected with one 
or more plastic pipettes was used to provide polymer solution to the plate, wherein 
each pipette formed a solution stream as a jet initiation site. Because of the high 
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viscoelasticity, the polymer solution maintained its fluid shape. When it reached the 
plate edge, it formed a neck and became elongated. Under the influence of strong 
applied electric field at the plate edge, jet initiation happened. The production rate 
of this electrospinning was over 5 times higher than that of the conventional needle 
electrospinning, even if using a single spinning site (one pipette). Nanofibres 
produced by this method had the same quality as those produced by the 
conventional needle electrospinning at the same working condition. 
 
Figure 2-12 (i) Schematic of edge electrospinning setup and (ii) R6G-tinted PEO 
solution falling and ejecting from the source plate. 57 
Slot / Slot 
The slot dispenser takes the advantages of both needle electrospinning and 
needleless electrospinning. In slot electrospinning, a narrow slot is used to supply 
the solution. The narrow slot facilitates to control the feeding of the solution and 
charge concentration. Another advantage of this design is that it is easy to monitor 
the fibre production. The space between the adjacent jets and the number of jets can 
be easily measured using imaging technique. Kula et al 58 indicated that jets tended 
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to distribute stably and evenly along the slot. With increasing the voltage, the intra-
jet distances reduced whereas the number of jets increased.  
Modified slot was used to produce core-sheath fibres (Figure 2.13). 59-63 The 
modified slot comprises two triangular troughs64. The jet initiation creates a 
shearing force between the inner and the outer solutions thereby drawing them both 
into the jet. The sheath solution with higher viscosity than the core solution was 
reported to facilitate to form core-sheath fibres.  
Ucar et al 65 reported a solution dispenser which combine slot with sharp edge. This 
hybrid setup enables electrospinning take place at the slot and the surface where the 
solution flows down between the slot and the sharp edge. This design is effective 
to prevent the clogging of solution during electrospinning. 
 
Figure 2-13(a) Slot electrospinning setup for producing core-sheath fibres. (b) 
Photo of spinning process. (c) SEM image of core-sheath fibres. Reproduced with 
permission. 64 
 
Porous tube 
Varabhas et al. 66 reported a device for transmitting multiple jets from a hollow 
porous cylindrical tube. The tube is oriented with its axis horizontal and holes 
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drilled partway into the wall are aligned along the bottom (Figure 2.14a). When an 
air pressure of 1-2 kPa is supplied, due to the lower flow resistance, polymer 
solution will flow out of the linear holes. Then, jets are produced from the holes 
after applying high voltage (Figure 2.14b). This approach generates smooth fibres 
at large rates greater than the single e-spinning jet. It was reported that 13 cm long 
tube with 20 holes can produce 0.3–0.5 g h-1 of fibres. However, the fibrous mats 
on the collector were unevenly distributed because of the strong charge-repulsion 
between the jets. 
 
Figure 2-14 (a) Porous tube electrospinning setup. (b) Photograph of porous tube 
during electrospinning process. 66 
 
2.2.2.2 Needleless electrospinning with motive spinnerets 
Table 2.3 lists the motive spinnerets that have been reported for needleless 
electrospinning. These spinnerets are all connected with a high voltage power 
supply and a spinning solution. For cylinder, ball, disc, coil, and beaded chain 
electrospinning, spinnerets are immersed in the spinning solutions. Nanofibres are 
electrospun upward, which effectively prevents the polymer fluid from dropping 
onto the fibre mats collected, warranting the production of high-quality nanofibres. 
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The rotation of spinnerets conveys polymer solutions to the electrospinning sites, 
ensuring the production continuously. For roller and cone electrospinning, the 
spinning solutions are fed from separated solution containers. 
Table 2-3 Features of motive spinnerets for needleless electrospinning. 
Spinneret  Fibre 
diameter 
(nm) 
Spinning 
voltage 
(kV) 
output 
(g/h) 
Advantages  Disadvantages 
Cylinder 100-800 57 8.6 (PVA) High 
scalability; 
small fibre 
diameter; easy 
operation and 
maintenance  
High voltage 
power supply 
needed; solvent 
evaporation 
problem 
Disc 257±77 57 6.2 (PVA) 
Ball 344±105 57 3.1(PVA) 
Spiral 
coil  
164-424 57 2.94-9.42 
(PVA) 
Active jet 
initiation; high 
fibre 
productivity 
and quality 
Solvent 
evaporation 
problem 
Bead 
chain 
80-700 10-30 40 (PVP) High fibre 
production 
rate; relatively 
low applied 
voltage 
Non-uniform 
fibre diameter 
Wire 
frame  
749±138 20-35 0.05 per 
wire (PVP) 
Active jet 
initiation; high 
fibre 
Solvent 
evaporation 
problem 
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productivity 
and quality 
Cone  220-320 12-36 39.6 (PVP) High fibre 
productivity 
Complex design; 
Non-uniform 
fibre diameter 
 
Cylinder 
The cylinder has been proved to be a successful spinneret for needleless 
electrospinning, and cylinder-type electrospinning has already been 
commercialized by a company in the Czech Republic (Elmarco). Although rings 
were first invented as a needleless electrospinning spinneret 67, needleless 
electrospinning began to attract attentions since Jirsak et al.’s invention on using a 
metal roller as spinneret (Figure 2.15 a) 68. The main advantage of this technology 
is that the jets are initiated naturally in the optimal positions. The jet formation in 
needleless electrospinning has been proposed to follow four steps: (1) a thin layer 
of polymer solution is formed on the spinneret surface as a result of its partially 
immersion in the solution and rotation; (2) the rotation also causes perturbations on 
the solution layer thus inducing the formation of conical spikes on the solution 
surface; (3) when a high voltage is applied, the spikes concentrate electric forces 
thus intensifying the perturbations to form “Taylor cones”; (4) jets are stretched out 
from the “Taylor cones” and finally result in fibres (Figure 2.15 b). Nanospider has 
shown the capability of producing nanofibres from both polymer solutions and 
polymer melts. 
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Figure 2-15 (a) Elmarco’s commercialized Nanospider Lab Product. (b) 
Electrospinning photo of the rotary cylinder spinneret. 68 
Ball 
An array of balls were arranged on a solution bath for electrospinning (Figure 2.16 
a). Electrospinning jets generated from the ball surface are similar to those from a 
drum. However, since balls have greater surface area than cylindrical drum, they 
produce more jets. In comparison to single needle which produce 0.37 mg/min 
nanofibres, single ball (80 mm diameter) produced 32 mg/min nanofibre. Using 6 
wt% polyacrylonitrile solution, the average number of jets from a ball was 24, 
whereas when the concentration was 8 wt%, the jets increased to 38. 69 This setup 
is being commercialized by Stellenbosch Nanofibres Company to fabricate 
nanofibrous products (Figure 2.16 b). 
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Figure 2-16 (a) Photography of needleless electrospinning using ball as spinneret. 
(b) Commercialized ball electrospinning of Stellenbosch Nanofibre Co. 69 
Bead-Chain 
More recently, a horizontal bead chain was used to produce nanofibres in an upward 
direction (Figure 2.17)70. In this setup, the rotating bead chain comprised two 
parallel parts. The lower part was dipped in a polymer solution, while the higher 
part functioned to produce fibres. When a high voltage was applied, the beads on 
the top part of the chain generated fine fibres. The small beads can generate high 
strength electric field thus improving the electrospinning performance. 
 Disc 
A slowly rotating disk which is partially immersed in polymer solution eliminates 
the need for self-replenishment of the solution at the fibres spinning edge (Figure 
2.18). It also ensures fresh coating of solution on the disk surface and prevents the 
solution from solidifying at the disk edge during electrospinning. Rotating cylinder 
and disc spinnerets have been analysed by Niu et al. 71 The rim radius of cylinder 
spinneret can reduce the discrepancy of electric field intensity and influence the 
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fibre productivity. Thinner disk spinnerets increased the electric field intensity, 
leading to finer nanofibres and higher throughput. 
 
Figure 2-17(a) Schematic of electrospinning process with bead-chain electrode. (b) 
Optical images of 13 wt% PVP solution on bead wire electrode. (c - e) Photograph 
images of e-spinning process and multiple jets from rotary bead wire electrode to 
(c) grounded collector, resultant (d) PVP and (e) PVDF nanofibre mats on collector. 
70 
 
Figure 2-18 Photos of needleless electrospinning using disc spinneret. 71 
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Coil 
Lin et al. 72, 73 recently patented a new needleless electrospinning setup using a 
spiral coil as a spinneret. Figure 2.19a shows the coil spinneret and the 
electrospinning process. Numerous polymer jets are generated from the wire 
surface. The nanofibres produced from the coil spinneret were much thinner with a 
narrower fibre diameter distribution when compared with those from needle 
electrospinning. Meanwhile the nanofibre mat was uniform than multi-needle 
electrospinning (Figure 2.19b). The spiral coil had a higher fibre production rate 
than the cylinder spinneret of the same dimension. For a coil with a diameter of 8 
cm and a length of 16 cm (6 turns), the productivity of PVA nanofibres changed 
from 2.94 g/hr to 9.42 g/hr when the applied voltage increased from 45 kV to 60 
kV. 
 
Figure 2-19 (a) Photos of spiral coil spinning process. (b) Digital image of nanofibre 
product by coil needleless electrospinning.[73] 
Cone 
Lu et al. 74 reported a needleless electrospinning system using a rotary cone as a 
spinneret. The rotating cone spinneret and electric field were reported to be the 
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crucial parameters affecting the nanofibre production. Polyvinylpyrrolidone (PVP) 
solution was supplied to the cone by a glass pipe to ensure electrospin continuously 
(Figure 2.20). The PVP solution flowed down to the fibre generating sites (cone 
edge) along the cone surface under the gravity. When a high voltage was applied 
and cone rotating speed was over 50 rpm, solution jets were generated from the 
cone edge and stable electrospinning was performed. Compared to the conventional 
needle system, this system produced fibres of a similar quality with 1000 times 
larger production rate. When a higher applied voltage was employed, more uniform 
nanofibres with smaller diameter were obtained. When the polymer solution is 
conveyed under the action of gravity, the downward electrospinning becomes more 
dependent on the solution properties (e.g., viscoelasticity and surface tension) than 
that in the upward rotating electrospinning. 
 
Figure 2-20 Electrospinning setup using a rotating cone as a spinneret. 74 
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Wire-frame 
Gregory et al. 75-77 studied the free surface electrospinning of aqueous polymer 
solutions on a wire spindle spinneret and proposed a productivity model for wire 
needleless electrospinning nanofibres (Figure 2.21a). A preliminary model for 
entrainment of a Newtonian liquid on a thin cylinder under creeping flow conditions 
was presented. Compared to conventional needle electrospinning, this new 
technology showed much higher productivity. Meanwhile, wire- frame spinneret 
was also used to generate core-shell nanofibres, as shown in Figure 2.11b. By 
avoiding the use of specially designed needles or closely-spaced spinnerets, the 
potential for scale up and production of electrospun core/shell fibres in large 
quantities is greatly enhanced.  The drawback of this method is the solvent 
evaporation problem. 
 
Figure 2-21 (a) Free surface electrospinning from wire electrodes, illustrated for a 
single liquid. (b) Evolution of the surface profiles of the two immiscible liquids as 
the wire (viewed end-on) travels through the liquid interfaces. [77] 
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2.2.3 Needleless electrospinning enhanced by other fields 
Field-enhanced electrospinning uses a second field force (e.g. centrifuge force, gas 
flow, and magnetic field) to strengthen electrospinning and fibre stretching. 
Assisted by the second field, the fibre productivity is improved, and the second field 
also slightly alters fibre morphology and diameter.    
2.2.3.1 Centrifugal force 
In centrifugal electrospinning, the centrifugal force contributes to the stretching of 
the solution jet. Different to conventional centrifugal spinning, in which fibres are 
formed by rotation of the spinneret, centrifugal electrospinning involves drawing 
the jet using both electrical force and mechanical force, however the spinneret rotate 
in lower speed, typically in the range of 300 ~ 600 rpm 78. The introduction of 
centrifugal force also lowers the voltage to initiate electrospinning. The 
combination of mechanical rotation and voltage makes it very effective to fabricate 
aligned nanofibres 78-80.  
Using polyethylene oxide as model polymer, Peterson et al 81 produced nanofibres 
with a production rate of 6.5 mg / (h cm2).(Figure 2.22) Important parameters that 
affect the nanofibre production rate include voltage, spinneret rotation speed, 
solution feed rate, distance between spinning head and collector, and solution 
concentration. In this way, polyacrylonitrile fibres were produced successfully. 
This technique is also compatible with various collectors, such as moving belt for 
collecting large membrane, parallel collector electrodes for aligned fibres, and 
parallel collector electrodes with one rotating electrode for producing short yarns. 
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Figure 2-22 (a) Schematic of centrifugal electrospinning. (b) Photo of spinneret 
used for centrifugal electrospinning. 81 
 
2.2.3.2 Airflow  
In conventional electrospinning, the production rate is limited by the ability of 
nozzle to convert the solution into jet. When the feed rate is too high, the solution 
starts dropping off the nozzle instead of being drawn into jets 82. With electro-
blowing, the flow rate is increased significantly as the blowing air increases initial 
stretching force and speeds up solvent evaporation. Liu et al 82 increased the 
production rate of polyvinyl alcohol fibres by 11 times over conventional 
electrospinning with very little increase in the fibre diameter (electroblown fibre 
diameter of 231 nm). 
Airflow was also used to increase the production rate of needleless electrospinning. 
Wang et al 83 reported the effect of airflow on the production of a ring 
electrospinning. It was indicated that the fibres production at lower air flow rate is 
lower than that without air flow. Fibre production rate increased only when the air 
flow rate was high. At lower air flow rate, the solution on the circumference of the 
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ring could be blown dry thus reducing the jet initiation. At higher air flow, the 
blowing air enhances stretching the polymer solution thereby facilitating jet 
initiation. 
2.2.4 Needleless electrospinning technique disclosed in patents 
Table 2.4 listed some needleless electrospinning techniques which were patents in 
2012-2016. As shown in Table 2.4, the spinnerets with interesting shapes such as 
saw tooth, metal mesh belt, brush-type, porous materials, and ring-type spinnerets 
were protected. These spinnerets had larger fibre productivity than conventional 
needle electrospinning technique, but still existed some problems, such as solvent 
evaporation, washing problem, non-continuous process, and solvent recycling 
problem.  
 
Table 2-4 Patents on needleless/needle-free electrospinning from 2012 to 2016. 
Patent 
number 
Year Inventors Title Drawings 
CN 
102828259 
2012 Yanbo Liu 
et al. 
Saw tooth type needle-
free electrostatic spinning 
device 
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CN 
103993370 
2013 Haoyi Li 
et al. 
String type electrostatic 
spinning device and 
method  
CN 
203284512 
2013 Yanbo Liu 
et al. 
Tip type needle-free 
electrostatic spinning 
device 
 
CN 
103668487 
2013 Gaofeng 
Zheng et 
al. 
A non-needle 
electrospinning apparatus 
 
CN 
103603065 
2013 Jianjun 
Deng et al. 
A non-needle type 
electrostatic spinning 
apparatus 
 
CN 
203474970 
2013 Weimin 
Yang et al. 
Metal mesh belt type melt 
electrostatic spinning 
device 
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CN 
103590121 
2013 Weimin 
Yang et al. 
A linear jet nozzle no 
electrostatic spinning 
apparatus 
 
CN 
104120499 
2014 Weimin 
Yang et al. 
Brush one kind of feed-
free needle 
electrospinning apparatus 
and method 
 
CN 
104178825 
2014 Juan Liu et 
al. 
Nano fibre diameter 
controllable helper-
inducer bulk electro-
spinning device 
 
US2015118
626 
2015 Yong-kyu 
Yoon et al. 
Tube nozzle 
electrospinning 
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CN 
104988586 
2015 Huiming 
Chen et al. 
Porous material syringe 
needle-free static 
spinning apparatus 
 
CN 
205152410 
2015 Jiahong 
Lin et al. 
Electrospinning group 
 
CN 
205205287 
2015 Lijuan Liu 
et al. 
electrostatic spinning 
device 
 
CN 
205711076 
2016 Xiangwen 
Liu et al. 
Ring type electrostatic 
spinning device 
 
CN105568
407 
2016 Lelun 
Jiang et al. 
Polymer solution-based 
magneto-fluid self-
assembly needle-free 
electro-spinning device 
and nanofibre electro-
spinning method thereof 
 
CHAPTER 2 
47 
 
CN 
205839200 
2016 Xiangwen 
Liu et al. 
Means a non-needle 
electrospinning  
WO201603
8528 
2016 MAJIDI 
Reza 
FARIDI et 
al. 
Needleless 
electrospinning apparatus 
 
WO201615
1191 
2016 Ivo 
LAIDMÄ
E et al. 
Device and method to 
produce nanofibres and 
constructs thereof  
2.2.5 Needleless electrospinning machines 
Apart from the development of novel needleless electrospinning systems, a 
significant progress has been made in the development of needleless 
electrospinning machines. Especially, the machines for industry application are 
highly desired. A list of representative company supplying electrospinning 
equipment includes: Elmarco (www.elmarco.com), NaBond (www.electro-
spinning.com), Holmarc Opto-Mechatronics (www.holmarc.com), E-Spin 
Nanotech (www.espinnanotech.com), Linari Engineering (www.linar 
ibiomedical.com), Kato Tech (www.keskato.co.jp), Mecc Co. (www.mecc.co.jp), 
Toptec (www.toptec.co.kr), Electrospinz (www.electrospinz.co.nz), Electrospunra 
(www.electrospunra.com), IME Technologies (www.imetechnologies.nl), Yflow 
(www.yflow.com), and Inovenso (www.inovenso.com). Most of the laboratory-
scale equipment is based on needle-type electrospinning. Although the production 
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rates are not necessarily very high, they meet the requirement for supplying large 
scale sample for applied research. Many different spinnerets and collecting 
electrodes are available, particularly for laboratory- scale apparatus. For industrial-
scaled systems, they spin nanofibres mainly onto rotating drum or on flexible 
substrate with a winding–dewinding system. Apart from the technical aspects, price, 
ability to prepare multifunctional fibres, and use friendliness, safety, solvent 
dispersal, and working stability in different ambient conditions are also important 
features.  
 
 
 
2.3 Summary 
Needleless electrospinning is a promising technology for mass scale production of 
nanofibres. Although there are some issues with their practical applications, 
needleless electrospinning is still the first choice for industry production of 
nanofibres, considering their advantages and potential for continuous 
improvements. With close collaborations between electro-spinniers, designers, 
machinery, electricians and automation controls engineers, high quality nanofibres 
will be produced by needleless electrospinning in well controlled manner and low 
cost, beneficial to our daily life, healthcare, and various industrial sectors. 
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3. Chapter 3 Experimental part 
In this chapter, all materials and agents, needle and needleless electrospinning 
setups, experimental processes, characterisation methods, and instruments used in 
this project are presented in detail. 
3.1 Materials 
Polyvinyl alcohol (PVA, Sigma-Aldrich, Mw 146000-186000, 98%-99% 
hydrolysed), Poly acrylonitrile (PAN, Sigma-Aldrich, Mw 100000), 
polyvinylpyrrolidone (PVP, Sigma-Aldrich, Mw 1300000), polyvinylidene 
fluoride (PVDF, Sigma-Aldrich, Mw 275000), acetone (Sigma-Aldrich), 
dimethylformide (DMF, Sigma-Aldrich), and deionised water were used as 
received. 
3.2 Preparation of polymer solutions 
PVA solutions were prepared by dissolving PVA powder in deionised water, and 
followed by vigorous stirring at 90 ℃ for 8 hours. The PVA concentration ranged 
from 8 wt.% to 13 wt.%. PVA solutions were always immediately used due to the 
gelation after a few days. 
PAN solutions were prepared by dissolving PAN powder into DMF at room 
temperature with continuous magnetic stirring for 3 hours. The PAN concentration 
was 10 wt.%.  
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PVP solutions were prepared by dissolving PVP powder into deionised water at 80 ℃ 
with continuous magnetic stirring for 2 hours. The PVP concentration was 25 wt.%. 
PVDF solutions were prepared by dissolving PVDF pellets into a mixture solvent 
of DMF/acetone (v/v= 4/6) at 100℃ with continuous magnetic stirring for 4 hours. 
The concentration of PVDF solution was 18 wt.%. 
3.3 Conventional needle electrospinning  
A needle based electrospinning apparatus was employed to prepared polymer 
nanofibres. Polymer solutions were injected by a syringe pump with a stainless steel 
needle (21 G, OD 0.8 mm, ID 0.5 mm). A high voltage (22 kV) was applied to the 
stainless steel needle using a direct current (DC) power supply (ES30P-5W, 
Gamma High Voltage Research), and A grounded aluminium rotating drum 
(diameter = 5 cm, length= 10 cm, and rotating speed= 100 rpm) was used as the 
fibre collector. The distance between the needle and collector is 20 cm. The 
electrospinning process was conducted at room temperature and all the electrospun 
polymer nanofibre mats were dried in the oven at 40 oC for 5 hours to remove the 
residual solvent.  
3.4 Needleless electrospinning with coil spinneret and disk 
spinneret     
All needleless electrospinning experiments were conducted on the platform of 
needleless electrospinning machine, which was designed and made by ourselves.  
CHAPTER 3 
 
51 
 
3.4.1 Coil spinneret 
Figure 3.1 illustrated the needleless electrospinning setups, which comprised of a 
rotary coil spinneret, a Polypropylene (PP) solution vessel, a high voltage DC 
power supply (ES50P-20W/DAM, Gamma High Voltage Research), and a 
grounded drum collector. The high voltage was provided by immersing an electrode 
(which was connected to the DC power supply) into the solution vessel. The 
diameter of the coil wire is 2mm, the length of the whole coil is 200mm, the radius 
of the whole coil is 40mm, and the number of the turns is 5. The rotary speed of 
collector is 5 rpm, the rotary speed of coil is 10 rpm, and the distance from the coil 
spinneret to the collector is 20 cm.   
 
Figure 3-1 Schematic of needleless electrospinning with coil spinneret. 
3.4.2 Disk spinneret     
Figure 3.2 described the needleless electrospinning setup with a rotary disk 
spinneret. The radius of the disk is 40 mm, the thickness of the disk is 2 mm, the 
rotary speed of disk spinneret is 10 rpm, the rotary speed of collector is 5 rpm, and 
the distance from disk to collector is 20 cm. 
CHAPTER 3 
 
52 
 
 
Figure 3-2 Schematic of needleless electrospinning with disc spinneret. 
 
3.5 Needleless electrospinning with slot spinnerets 
A novel needleless electrospinning setup with slot spinnerets was successfully 
designed as Figure 3.3 showed. The purposed-built electrospinning apparatus 
comprising a container with a convex slot (made by aluminium), a power supply 
(ES100P, Gamma High Voltage Research), a metal roller collector and a solution 
feeding system was used for electrospinning. The polymer solution was fed into the 
container through the solution feeding system until the liquid surface reached the 
top line of the slot. During electrospinning, the solution in the container was 
charged with a high electric voltage through an electrode inserted into the container, 
and solution flow rate was controlled by a syringe pump. Electro-spun nanofibre 
samples were dried in a vacuum oven at 40℃ for 6 hours to remove the residual 
solvent. 
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Figure 3-3 Schematic of needleless electrospinning with slot spinneret. 
 
3.6 Electro-aerodynamic auxiliary field aided needleless 
electrospinning  
Different with slot needleless electrospinning in section 3.5, the Electro-
aerodynamic auxiliary field aided needleless electrospinning is composed of a slot 
spinneret (made by aluminium, including open-line type slot and enclosed-line type 
slot), a spinning electrode (connecting to the high voltage power supply), inductive 
electrodes (made by aluminium, including inside the slot and beside the slot), 
airflow slots (including inside the slot and beside the slot), a power supply (ES100P, 
Gamma High Voltage Research), a metal roller collector, and a solution feeding 
system (Figure 3.4). During electrospinning, the solution in the container was 
charged with a high electric voltage through an electrode inserted into the container, 
and solution flow rate was controlled by a syringe pump. Airflow (provided by 
laboratory) was used to prevent the nanofibres depositing on the surface of 
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induction electrodes. Then, the electro-spun nanofibre samples were dried in a 
vacuum oven at 40℃ for 6 hours to remove the residual solvent. 
 
Figure 3-4 Schematic of airflow integrated and short distance induced needleless 
electrospinning. 
 
3.7 Characterisations 
3.7.1 Scanning electron microscopy (SEM) 
The nanofibre morphologies were observed by the scanning electron microscopy 
(SEM, Leica S440 and Supra 55VP) (Figure 3.5). Parts of nanofibre mats were 
attached on the aluminium sample holder and spotter coated with 5 nm thick gold 
particles (Leica ACE600 sputter coater). All SEM images were taken under a 5 kV 
voltage, 30 μm aperture, and around 10 mm working distance. The nanofibre 
diameters were calculated based on the SEM images using an analysis software 
ImagePro+3.0 (Media Cybernetics Co., Santa Clara, CA).   
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Figure 3-5 Picture of Supra 55VP scanning electron microscopy. 
 
3.7.2 Digital photography 
All digital images and videos were taken using a Canon D60 digital camera. 
3.7.3 UV-visible absorption spectrum (UV-VIS) 
UV-VIS of the nanofibre samples were recorded by Ocean Optics USB 4000 with 
Mickropack DH-2000-BAL as the light source. All tests were conducted in a 
controlled environment (20℃ temperature and 65% RH, relative humidity). 
3.8 Productivity calculation  
The actual productivity (P, g/h) was determined by weighing the nanofibre 
sample per unit time. The P was calculated by the equation, 
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t
wwP 21 −=       (4.1)    
where w1 is the total weight of nanofibre and substrate. W2 is the weight of the 
substrate, and t is the spinning time. Linear-normalized fibre productivity (Plinear) 
was calculated using the equation. 
l
PPlinear =                  (4.2)  
where P and l are the actual fibre productivity and slot length, respectively. The 
areal-normalized fibre productivity (Pareal) was calculate using the equation. 
A
PPareal =        (4.3)  
Here, A is the spinneret surface exposed to the air. A One-factor statistical analysis 
(Anova from Excel) without replication analysis was conducted on the irregularity 
for each slot spinninning. The significant difference was judged based on the P 
value. When the P value is smaller than 0.05, the data were judged as statistically 
different. 
3.9 Rheological property tests of polymer solutions 
The rheological properties of polymer solutions were measured by a TA HR-3 
Rheometer (USA) with a cone-plate of 40 mm radius and 2° angle. The shear rate 
was ranging from 0.1 s-1 to 1000 s-1. 
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3.10 Conductivity tests of polymer solutions 
The conductivity of polymer solutions were tested under a LF 330/SET (USA) 
conductivity meter.  
3.11 Surface tension tests of polymer solutions 
The surface tension of polymer solutions were measured by KRUSS K100 Force 
Tensiometer using a Pt ring. 
3.12 Porosity and packing density 
The through-pore size and its distribution of the PVA nanofibre nonwovens were 
measured using a Porometer 3G analyzer. The packing density of nanofibre 
nonwovens was described by the following equation, 
)( TPVA
nfm
l
W
⋅= ρβ                              (3.1) 
where β is the packing density of nanofibre nonwoven, Wnfm is the weight of 
nanofibre nonwoven per unit area, ρPVA is the density of PVA, and lT is the thickness 
of PVA nanofibre nonwoven. 
3.13 Tests of air filtration performance 
A TSI Automated Filter Tester (Model 8130) was used to measure the aerosol 
filtration efficiency and pressure drop (Figure 3.6). TSI 8130 could generate 
neutralized monodisperse solid sodium chloride (NaCl) aerosols with a mass 
median meter of 260 nm and count median diameter of 75±20 nm. The geometric 
standard deviation was smaller than 1.83. The NaCl aerosols were flown through 
the filter with continuous airflow flux of 32 L/min, 45 L/min, 58 L/min, 71L/min, 
CHAPTER 3 
 
58 
 
and 85L/min. The effective filtration testing area is 100 cm2 and the testing time of 
each sample was 4s. For the dust capacity long time testing, the period is from 0 to 
30 min. The quality factor (QF) was usually used as a trade-off parameter to judge 
the air filtration performance, which can be described as the following equation, 
   pQF ∆
−−= )1ln( η                  (3.2)            
where η and Δp are the air filtration efficiency and pressure drop across the 
nanofibre nonwoven.  
 
Figure 3-6 Picture of TSI 8130 Automated Filter Tester 
3.14 Finite element analysis 
The electric field profiles during electrospinning process under different conditions 
was analysed by the finite element analysis, using the COMSOL Multiphysics 3.5 
version software. The calculation model was based on the equation, 
                                                     VE ∆−=                             (3.3) 
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where E is electric field intensity and V is potential. To set a calculation, the actual 
geometry and dimension of the electrospinning setups (i.e. spinneret, container, and 
collector) were input into the program, with the aid of 3D CAD software 
Solidworks. The electrical conductivities of polymer solution, air, PTFE and metal 
collector were set at 55 S/m, 0.0 S/m, 0.0 S/m, and 106 S/m, respectively. A 70 kV 
electric potential was set on the metal electrode located in the solution container. 
The grounding surface was set 20 cm away from the external surface of the 
spinneret, and the metal collector was also set as 0.0 V. To build mesh in the 
spinning zone, the element size for maximization was set at 30 mm, the 
minimization at 5.4 mm. The mesh in the spinneret and the solution was set with 
the element size for maximization at 10.5 mm and minimization at 0.45 mm. The 
meshing and calculation were performed by the software using default settings and 
the electric field intensity profiles resulted. 
The airflow field profiles were analysed by the finite element analysis, using the 
COMSOL Multiphysics 3.5 version software, laminar fluid model. The values of 
geometry dimension were set as the actual size of spinneret. The airflow field was 
based on the Navier-Stokes equations, 
 fvpvv
t
v
+
∇
+−∇=∇⋅+
∂
∂
Re
2
                                                       (3.4) 
where v is the velocity of airflow, p is the air pressure, and Re is the Reynolds 
number. The inlet airflow was set starting from the gap between air plates and 
spinneret, while the outlet was set as the collector which was 30cm away from 
spinneret. To build mesh in the spinning zone, the element size for maximization 
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was set at 14.8 mm, the minimization at 0.05 mm. The mesh between air plates and 
spinneret was set with the element size for maximization at 4 mm and minimization 
at 0.008 mm. The meshing and calculation were performed by the software using 
default settings and the airflow field profiles resulted. 
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4. Chapter 4 Needleless electrospinning with slot 
spinnerets 
4.1 Introduction 
In this chapter, four slot spinnerets of different line shapes, i.e. straight, rectangle, 
triangle and curved, were examined. The slot linear shape was found to have a 
considerable effect on needleless electrospinning. The curved slot spinneret showed 
the largest nanofibre productivity and the lowest nanofibre irregularity. To find out 
the reason behind, the distribution profile of electric field intensity on the slot 
spinnerets was analysed using a finite element method. The experiment results 
indicated that the curved slot had higher electric field intensity but smaller intensity 
variation along the slot length direction when compared to other slots. The solution 
viscosity increase during electrospinning was also examined. The slot spinneret was 
found to have much smaller increase in the viscosity during electrospinning, 
suggesting the effective mitigation of solvent loss during electrospinning. 
 
4.2 Experimental part 
A purposed-built electrospinning apparatus comprising a container with a convex 
slot, a power supply (ES100P, Gamma High Voltage Research), a metal roller 
collector and a solution feeding system was used for electrospinning. The polymer 
(Polyvinyl alcohol, PVA) solution was fed into the container through the solution 
feeding system until the liquid surface reached the top line of the slot. During 
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electrospinning, the solution in the container was charged with a high electric 
voltage through an electrode inserted into the container. The solution flow rate was 
controlled by a syringe pump to maintain solution surface in the slot zone also at 
the same level of the slot top surface. The parameters for slot electrospinning are 
listed in Table 4.1. Fibre productivity was measured by weighing collected 
electrospun nanofibres, which were dried in a vacuum at 40℃ for 6 hours to remove 
the residual solvent. 
Table 4-1 Slot electrospinning conditions. 
Parameters  Values 
PVA concentration  8 – 12 wt.%  
PVDF concentration 18 wt.% 
Applied voltage 55 – 75 kV 
Solution flow rate (PVA) * 10 – 20 g/h 
Solution flow rate (PVDF)  40 g/h 
Spinning distance 20 cm 
Humidity 15% RH 
Environmental temperature 50 oC 
Rotating speed of the collector 5 rpm 
* Optimized flow rate was employed for each electrospinning setup. 
For comparison, a typical needleless electrospinning using a disc as spinneret was 
used to process the polymer solutions. The disc electrospinning was performed on 
a disc electrospinning setup developed previously in our laboratory 84. A rotating 
metal disc (diameter = 80 mm, thickness = 2 mm, rotating speed = 2 rpm) was used 
as the fibre generator. The solution was charged with a high-voltage power supply 
(ES100P, Gamma High Voltage Research) through an electrode inserted into the 
solution. A rotating metal drum was used to collect nanofibres. The disc 
CHAPTER 4 
 
63 
 
electrospinning was conducted at the applied voltage of 70 kV and collecting 
distance of 20 cm. 
4.3 Results and discussions 
4.3.1 Schematic of needleless electrospinning with slot spinnerets 
Figure 4.1(a) illustrated the needleless electrospinning setup with slot spinneret. In 
this process, a slot spinneret made by 3D printer was used as the fibre generator, 
which was connected to the high voltage power supply. Four different types of slot 
spinnerets (straight, rectangle, triangle, and curve) were used in our study (Figure 
4.1b).  The polymer solution was loaded on to the top of slot with the assistance of 
a syringe pump. When the slot spinneret together with the PVA solution was 
charged with an electric voltage higher than 50 kV, a number of jets were generated 
from the top surface of slot. With the increasing applied voltage, more polymer 
solution jets were formed. Figures 4.2(a) showed the side and front views of 
schematic of jet initiation during this novel needleless electrospinning process. A 
high applied voltage up to 70 kV could be applied for needleless electrospinning, 
and a further increase in applied voltage led to “corona discharges” instead of 
normal electrospinning85. After further stretching of polymer solution jets and 
evaporation of solvent, as-spun nanofibres formed and finally deposited on the 
surface of the collector which was composed of a rotary metal cylinder covered 
with PET fibre mat.  
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Figure 4-1 (a) Schematic drawing of the electrospinning setup using a convex slot 
spinneret. (b) Different geometric shapes of slots. 
The as-spun fibres deposited continually on the collector forming a fibrous mat. 
Figure 4.2b shows a photo of the PVA nanofibre mat (length=1 m, width=30 cm) 
prepared by slot electrospinning for 10 minutes. SEM imaging revealed that the 
nanofibres were uniform without beads (Figure 4.2 c). In our previous work, we 
have compared different disc, cylinder, ball and coil needleless electrospinning 
systems.71, 73, 86-89 These spinnerets had a productivity in the range of 2.2-9.4 g/h 
(see productivity data in Table 4-2). Here, we also compared the fibre production 
rates with these needleless spinnerets. Areal-normalized productivity (Pareal) was 
employed to deduct the effect from the spinneret dimension.  It clearly showed that 
Pareal for the curved slot 0.615 g/(h cm2) (The curved slot used in the calculation 
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was the optimal design that had curve radius of 2.5 cm and slot width 2 mm.) was 
comparable to the coil spinneret 0.748 g/(h cm2) and much higher than cylinder 
spinneret 0.034 g/(h cm2) and ball spinneret 0.031 g/(h cm2). The diameter of slot 
electrospun fibres was comparable to other nanofibres that produced by the other 
spinnerets.  
 
Figure 4-2(a) Digital image of the convex slot electrospinning process. (b) Digital 
image of an electrospun nanofibre mat. (c) SEM image of PVA nanofibres 
fabricated by convex slot electrospinning. The spinning condition: applied voltage 
70 kV, PVA concentration 9 wt.%, collecting distance 20 cm, slot length 100 mm, 
slot width 2 mm, and spinning time 10 min 
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Table 4-2 Comparison of different spinnerets for needleless electrospinning of 
PVA solution 
Type  Dimension  Conditi
ons 
Diameter Productivity Areal-
normalized 
productivity 
Reference 
Cylinder   8 cm (d), 
20 cm (l) 
57 kV,  
13 cm 
350 nm 8.5 g/h 0.034 g/(h cm2) [1] 
Disc   8cm (d), 
0.2cm (l) 
57 kV,  
13 cm 
300 nm 2.2 g/h 0.044 g/(h cm2)  71 
Ring   8 cm (d), 
0.2 cm (l) 
57 kV,  
13 cm 
250 nm 2.8 g/h 1.115 g/(h cm2) 84 
Ball 8 cm (d) 57 kV,  
13 cm 
344 nm 3.1 g/h 0.031 g/(h cm2) [2] 
Coil  8 cm (d), 
20 cm (l) 
60 kV,  
13 cm 
275 nm 9.4 g/h 0.748 g/(h cm2) 84 
Slot 10 cm (l)  
2 mm (w) 
70 kV,  
20 cm 
290 nm 2.0 g/h 0.615 g/(h cm2) *Our 
work 
 
 
4.3.2 Effect of spinning conditions on electrospinning process and 
morphologies and productivity of nanofibres 
It was obvious that the formation of polymer solution jets was influenced by the 
polymer concentration, applied voltage and size of slot spinneret. Different slot 
spinneret size led to different maximum solution injection rate. So, optimized flow 
rate was employed for each electrospinning setup. 
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Polymer concentration 
The needleless electrospinning with slot spinneret was highly influenced by PVA 
concentration. When the PVA concentration was below 8 wt.%, no nanofibre was 
produced from the straight slot spinneret. However, when PVA concentration was 
above 12 wt.%, the solution was too viscous to be electrospun into fibres as well. 
Uniform fibres can be produced when PVA concentration was in the range of 8 - 
12 wt.% (Figure 4.3).  With increasing the PVA concentration from 8 wt.% to 12 
wt.%, the as-spun nanofibres showed an increase in the average fibre diameter, from 
257 nm to 519 nm, and the fibre productivity decreased from 0.58 g h-1 to 0.40 g h-
1 (for straight slot, Figure 4.4). This can be explained by that the increased viscosity 
consumed more electric force for jet initiation. 
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Figure 4-3 Effect of PVA concentration on electrospun nanofibre morphology and 
fibre diameter. SEM images and fibre diameter distributions of PVA nanofibre 
electrospun from PVA solution of (a-c) 8 wt.%, (d-f) 9 wt.%, (g-i) 10 wt.%, (j-l) 11 
wt.%, and (m-o) 12 wt.%. (Applied voltage = 70 kV, slot length = 10 cm, slot width 
= 2 mm, and electrospinning distance = 20 cm). 
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Figure 4-4 Dependencies of average fibre diameters and fibre productivity on PVA 
concentration. (Applied voltage = 70 kV, slot length = 10 cm, slot width = 2 mm, 
and electrospinning distance = 20 cm). 
Applied Voltage 
As electric field is the primary driving force for electrospinning, the applied voltage 
has important influence on nanofibre formation and productivity. For straight slot 
electrospinning, the critical voltage to start electrospinning was 50 kV. However, 
at 50 kV, jets were mainly generated from the end areas of the slot. Solution jets 
were generated along the whole slot when the applied voltage was above 55 kV.  
The electrospun nanofibres also became non-bead and uniform when the applied 
voltage was higher than 55 kV. Increasing the applied voltage from 55 kV to 70 kV 
resulted in reducing nanofibre average diameter from 556 nm to 297 nm (Figure 
4.5), and fibre diameter distribution became narrower as well. The fibre production 
rate increased from 0.48 g h-1 to 0.58 g h-1 (Figure 4.6). 
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Figure 4-5 SEM images of PVA nanofibres electrospun by convex slot spinneret at 
different applied voltages (a-c) 55 kV, (d-f) 60 kV, (g-i) 65 kV, (j-l) 70 kV, and (m-
o) 75kV.  
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Figure 4-6 Dependencies of average fibre diameters and fibre productivity on 
applied voltage. (PVA concentration = 9 wt.%, slot length = 10 cm, slot width = 2 
mm, and electrospinning distance = 20 cm). 
 
Slot width 
It was noted that slot width affected feeding polymer solution into electrospinning 
zone especially when it was narrower than 1.0 mm. In this case, the polymer 
solution was hard to flow into the slot due to the large flow resistance. The solution 
can be effectively supplied when the slot width was greater than 1.5 mm (Table 4-
3). We also examined the effect of slot width on nanofibre diameter and production 
rate. When the slot was in the width range of 1.5-3.0 mm, nanofibres electrospun 
by these slot spinnerets showed randomly oriented, beads-free fibrous structure 
(Figure 4.7). Larger slot width leads to larger initial voltage and smaller curvature 
(Figure 4.8a), while slot width showed little influence on fibre diameter and 
productivity (Figure 4.8b).  When the slot width was 2 mm, it produced nanofibres 
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with slightly smaller average fibre diameter and narrower fibre diameter 
distribution than slots of others widths, and its fibre production rate was larger. 
Therefore, 2 mm wide convex slot was chosen for the further experiments. 
 
Figure 4-7 SEM images of PVA nanofibres electrospun by convex slot spinneret 
with different slot width (a-c) 0.5 mm, (d-f) 1.0 mm, (g-i) 1.5 mm, (j-l) 2.0 mm, 
and (m-o) 2.5 mm. 
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Figure 4-8(a) Curvature of liquid surface on the slot top, and (b) effect of slot width 
on fibre diameters and productivity. (PVA concentration = 9 wt.%, applied voltage 
= 70 kV, slot length = 10 cm, and electrospinning distance = 20 cm). 
 
Table 4-3 Influences of straight slot spinneret dimensions on electrospinning 
Convex slot length 10 cm Convex slot width 2mm 
Width (mm) Electrospinning Length (cm) Electrospinning  
1.0  × 10 √ 
1.5  √ 15 √ 
2.0  √ 20 √ 
2.5  √ 25 √ 
√ - electrospinning succeed, × - electrospinning failed.  
 
Slot shape and dimension 
To examine the effect of slot shape on electrospinning, four convex slots with 
different line shapes, i.e. straight, rectangle, triangle and curved, were used as 
spinnerets for electrospinning. All the slots had the same cross-sectional geometry 
and the length in the x-axis was 10 cm. 9 wt.% PVA solution was used for the 
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experiments, which can be electrospun into nanofibres by all the spinnerets. Figure 
4.9 a-d showed the SEM images of nanofibres produced. All these nanofibres had 
a similar fibre morphology. The nanofibres produced by the curved slot was slightly 
finer with a narrower diameter distribution compared to those from the other slots. 
Irregularity is an important factor of fibre mat uniformity, a smaller irregularity 
suggests more uniform nanofibre distribution in the fibrous mat. The irregularity of 
nanofibre mat was in an order of curved (6.5%) < straight (9.1%) < rectangular 
(14.1%) < triangular (15.2%) (Table 4-5). Therefore, the curved slot produced more 
uniform nanofibre mats than the other slot spinnerets.  
 
Figure 4-9 SEM images of PVA nanofibres fabricated by different convex slot 
spinnerets: (a) straight, (b) rectangle, (c) triangle, and (d) curved. All the white scale 
bar represents 2 μm. The spinning condition: applied voltage is 70 kV, PVA 
concentration is 9 wt.%, collecting distance is 20 cm, slot length is 100 mm, slot 
width is 2 mm, and spinning time is 10 min. 
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It should be noted that the four slots had different actual length although their length 
when the x-axis length was 10 cm. The difference in actual length led to different 
flow rate during electrospinning, and it also affects the comparison of fibre 
productivity. To deduce the length difference, we used a linear-normalized 
productivity (Plinear) to express the productivity (Table 4-4). The rectangular, 
triangular and curved slots showed higher fibre production rate than the straight one, 
and the curved slot had the largest productivity of 12.3 g/ (h m).  
Table 4-4 Flow rate and productivity comparison of different slot spinnerets 
Slot Flow 
rate 
(g/h) 
Concentration 
(wt.%) 
Productivity 
(g h-1) 
Actual 
length 
(m) 
Line 
productivity 
(g h-1 m-1) 
Straight 10 10 1.0 0.100 10 ± 0.1 
Rectangle 15 10 1.5 0.143 10.5 ± 0.2 
Triangle 14 10 1.4 0.159 8.8 ± 0.3 
Curved 20 10 2.0 0.162 12.3 ± 0.1 
 
For a straight slot, the length variation just happened in one dimension (marked as 
x-axis). However, for the rectangular, triangle and curved slots, their length can be 
changed in two dimensions along x-axis, y-axis and their combination. To examine 
the effect of the slot dimension on nanofibre productivity and quality, we changed 
the slot dimension in x-axis or y-axis (only x-axis for the straight slot), and ran 
electrospinning at the same conditions.  As listed in Table 4-5, The Plinear of all the 
slot spinnerets had a slight decrease when the slot length extended in x-axis or y-
axis. The nanofibre mat irregularity is also listed in Table 4-5. The nanofibre mats 
produced by y-axis extended slot spinneret showed larger irregularity than that by 
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the x-axis extended ones. The extension of slot length in y-direction led to lower 
Plinear than that in x-direction. Among all the slot spinnerets, the curved slot had the 
largest Plinear. It was interesting to note that the nanofibre mats produced by the 
curved slot had the smallest irregularity, hence the best uniformity.  
Table 4-5 Electrospinning features of different slot spinnerets 
 Straight Rectangular Triangle Curved 
Average Diameter 
(nm) 
430±58 470±106 508±126 425±64 
Average Diameter-x 
(nm) 
445±45 483±95 511±109 429±51 
Average Diameter-y 
(nm) 
- 476±86 518±86 435±48 
Productivity (g h-1 
m-1) 
10.0±0.1 10.5±0.3 8.8±0.4 12.3±0.1 
Productivity-x (g h-1 
m-1) 
8.6±0.2 9.8±0.2 8.6±0.3 12.0±0.1 
Productivity-y (g h-1 
m-1) 
- 8.8±0.2 8.0±0.3 11.6±0.2 
Irregularity (%) 9.0906±0.0
045 
14.1121±0.0
132 
15.1803±0.0
182 
6.4718±0.00
85 
Irregularity-x (%) 8.9237±0.0
087 
14.0023±0.0
124 
14.9754±0.0
165 
6.3925±0.00
71 
Irregularity-y (%) - 16.2359±0.0
108 
18.3764±0.0
154 
6.8233±0.00
52 
 
To verify the result, a straight slot was made with the same actual length to the 
curved one (Table 4-4). The total length of both slots were 10 cm. The result 
indicated that the curved slot had a larger productivity of than the straight slot. This 
is because at the same potential, the electric field intensity of curved slot was more 
uniform and larger than that from the straight one.  
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4.3.3 Electrospinning stability 
Being an approximate closed solution system in the spinneret, the convex slots are 
expected to mitigate solvent loss during electrospinning and meanwhile maintain 
high fibre quality. To demonstrate this advantage, we compared the solvent loss 
between our curved slot electrospinning and a typical needleless electrospinning 
using a disc as the spinneret. At the same applied voltage and spinning distance, the 
change of the solution viscosity in the two spinnerets is shown in Figure 4.10 a. 
After disc electrospinning of 9 wt.% PVA solution for 30 min, the solution viscosity 
increased from 1500 mPa∙ s to 1550 mPa∙ s, while the solution viscosity in the slot 
spinneret maintained almost unchanged. The two spinnerets can produce PVA 
nanofibres stably (Figure 4.10 b). Initially, the disc spun fibres had a slightly 
smaller average fibre diameter than the slot spun ones. With time the disc spun 
fibres increased the fibre diameter, whereas the diameter for the slot electrospun 
fibres maintained unchanged during the entire electrospinning period (Figure 4.10 
c). 
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Figure 4-10 Effects of spinning time on (a) solution viscosity, (b) fibre productivity, 
and (c) fibre diameter in PVA/water solution system solution . Spinning conditions: 
PVA concentration 9 wt.%, applied voltage 70 kV, collecting distance 20 cm, slot 
length 100 mm, slot width 2 mm, disc diameter 80 mm, disc thickness 2 mm. 
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To verify the advantage in mitigation of solvent loss during electrospinning, we 
used the two spinnerets to spin a PVDF solution using a solvent mixture of DMF 
and acetone (PVDF concentration 18 wt.%). Due to the use of a highly volatile 
solvent, acetone, the PVDF solution is apt to lose its solvent. As expected, the slot 
electrospinning ran stably for at least 30 min (see photo in Figure 4.11), whereas 
the disc electrospinning stopped working after 10 min of electrospinning. Figure 
4.12a shows the viscosity changes in the PVDF solutions. In the disc spinneret, the 
solution viscosity increased from 3060 mPa∙ s to 4985 mPa∙ after 10 min of 
electrospinning. The largely increased viscosity reduced the spinnablilty of solution. 
When viscosity was 4985 mPa∙ s, the PVDF solution cannot be electrospun. For the 
solution in the slot spinneret, the viscosity had a very small increase. Even after 30 
min of electrospinning, the viscosity increased just from 3060 mPa∙ s to 3105 mPa∙ 
s. 
 
Figure 4-11 Digital photo to show (a) slot and (b) disc electrospinning of PVDF 
solution process. SEM images of PVDF nanofibres fabricated by (c) slot and (d) 
disc spinneret. 
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The PVDF fibre productivity of slot electrospinning kept stable at the value of 3 
g/h (Figure 4.12 b), while the productivity of disc electrospinning decreased 
sharply from 6.72 g/h to 2.04g/h. Both spinnerets produced uniform nanofibres (see 
fibre morphology in Figure 4.11). Figure 4.12 c showed the average fibre diameter 
and fibre diameter distribution of as-spun PVDF nanofibres. For the disc 
electrospun fibres, both the fibre diameter and fibre diameter distribution increased 
evidently in a short period of electrospinning. For the slot electrospinning, the 
average fibre diameter and diameter distribution maintained almost unchanged. 
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Figure 4-12 Effect of spinning time on (a) viscosity, (b) fibre productivity, and (c) 
diameter. Spinning conditions: PVDF concentration 18 wt.%, applied voltage 70 
kV, collecting distance 20 cm, slot length 100 mm, slot width 2 mm, disc diameter 
80 mm, disc thickness 2 mm. 
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4.3.4 Electric field analysis 
Applied voltage 
The electric field in needleless electrospinning setups with slot spinnerets can be 
analysed by using the same method. The electric field intensity profiles of slot 
spinnerets under different applied voltage was shown in Figure 4.13. A high 
electric field was formed on the whole slot spinneret, and the electric field at two 
ends and corners showed higher intensity than that in the middle areas. When the 
applied voltage increased, the intensity of slot spinnerets had an improvement, and 
two ends and corners was more obvious than other areas. 
 
Figure 4-13 Electric field intensity of slot spinnerets under different applied 
voltages (a) 50kV, (b) 55kV, (c) 60kV, (d) 65kV, and (e)70kV. 
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Also shown in Figure 4.14a, the front view of electric field intensity profile along 
the slot confirmed that electric field with a higher intensity is formed at two ends, 
and levels off at a relatively low value in the middle area. From slot spinneret 
surface to the collector, the electric field at the two ends decayed rapidly in the 
initial 2.5 cm and then stabilized (Figure 4.14b). Meanwhile, the electric field from 
the slot middle area to the collector decayed rather slowly (Figure 4.14c).  
 
Figure 4-14 Electric field intensity distribution (a) along the slot, (b) from the end 
of slot to the collector, and (c) from the middle of slot to the collector under different 
applied voltages. 
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Slot width 
To have a clear idea that how the slot dimension influences the electric field profile 
along the slot, the electric field intensity profiles of slot spinnerets with same width 
(2mm), but different length were analysed. As shown in Figure 4.15, when the slot 
length increased, the intensity of the whole slot spinnerets had a decrease, and two 
ends and corners was more obvious than other areas. In other words, longer slot led 
not uniform electric field intensity distribution, which would be a challenge for slot 
spinneret being used for industrialization.   
Also shown in Figure 4.16, the slot spinneret with 10 cm length had a higher 
electric field intensity than other slot length, especially in the slot middle areas. 
From slot spinneret surface to the collector, the electric field at the two ends still 
decayed more rapidly than that in the slot middle areas. 
 
Figure 4-15 Electric field intensity profiles of slot spinnerets with different width 
(a) 0.5mm, (b) 1.0mm, (c) 1.5mm, (d) 2.0mm, and (e) 2.5mm. 
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Figure 4-16 Electric field intensity distribution (a) along the slot, (b) from the end 
of slot to the collector, and (c) from the middle of slot to the collector with different 
slot width. 
 
Collecting distance 
As shown in Figure 4.17, with increasing collecting distance, the decrease in 
electric field intensity was mainly at the slot ends, and the electric field in the middle 
area showed little change. Similar to the applied voltage, electric field with a higher 
intensity is formed at two ends and lower in the middle area. From slot spinneret 
surface to the collector, the electric field at the two ends decayed more rapidly than 
that in the middle areas (Figure 4.18). 
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Figure 4-17 Electric field intensity profiles of slot spinnerets with different 
collecting distance (a) 5cm, (b) 10cm, (c) 15cm, (d) 20cm, and (e) 25cm. 
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Figure 4-18 Electric field intensity distribution (a) along the slot, (b) from the end 
of slot to the collector, and (c) from the middle of slot to the collector with different 
collecting distance. 
Slot shape 
Figure 4.19 shows the top view EFI profiles of the four slot spinnerets. The area in 
red color indicates large EFI value. As expected, the EFI along the slot x-axis was 
unevenly distributed, with larger EFI at the two ends but smaller in the middle area. 
For the straight slot, EFI at the two ends was much larger than that in the middle 
area. This could explain why jets were easy to be generated from the slot ends than 
from the middle area. The distribution of electric field on the other three slots were 
more uniform than the straight slot, although their end areas still had larger EFI. 
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For the rectangular and triangular slots, the corner areas had stronger EFI than the 
other areas, where there were large curvature feature.  
 
Figure 4-19 Top view of the electric field intensity profiles of different slot shape. 
(Applied voltage is 70 kV, collecting distance is 20 cm). 
 
The curved convex slot had the most uniform EFI distribution, which explained 
why it had the best nanofibre quality and productivity. The EFI distribution 
evenness followed the trend of straight < rectangular/triangle < curved, which was 
similar to that of nanofibre irregularity. It should be pointed out that EFI at the 
middle area of the curved slot was much higher than that in other slots. Higher EFI 
leads to larger nanofibre production rate73. This could be the main reason as to why 
the curved slot spinneret has the largest fibre productivity among the slot spinnerets.  
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Figure 4-20 (a) Transform of different slot shape along x and y axis. (b) 3D electric 
field intensity distribution of different slot spinneret. 
 
Figure 4-21 Electric field intensity profiles of (a) straight, (b) rectangle, (c) triangle, 
and (d) curved slots and their extension along the x axis. (Applied voltage is 70 kV, 
collecting distance is 20 cm). 
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In addition to the shape, slot length also influenced the EFI profile. Figure 4.20 a 
and b depicts EFI results when changing the dimension in the x- or the y- axis 
direction (see more details in Figure 4.21 and 4.22). The average EFI in all the 
extended slots decreased. The slots extended in the x-axis direction had higher EFI 
than that of the y-axis extended, which was in accordance with the fibre productivity 
results that productivity-x was larger than productivity-y. In comparison with the 
straight and rectangular slots, the triangular and the curved slots showed smaller 
drop in EFI, indicating less influence of dimension change on the electric field. As 
expected, the length extension showed the smallest influence on the EFI of the 
curved slot. 
 
Figure 4-22 (a) All extensions along y axis. (b) Electric field intensity profiles along 
y axis. (Applied voltage is 70 kV, collecting distance is 20 cm). 
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4.4 Conclusions  
We have shown that the geometric shape of convex slots had a great influence on 
needleless electrospinning, nanofibre productivity and fibre uniformity. With the 
same length, the curved slot showed larger nanofibre productivity and higher 
uniformity than the convex slots of the other shapes. The curved slot had higher 
electric field intensity than the other convex slots. By varying the dimension of slot, 
we have investigated the influences of slot shape on electrospinning performances 
and fibre qualities. Also the electric fields of these slots were calculated to 
investigate the electric field distribution and intensity.  Combining all these results 
together, we can optimise the curved slot electrospinning. The optimised curve has 
a radius of 2.5 cm and slot width of 2 mm, which is able to generate high electric 
field with uniform intensity. As a result, it has the largest nanofibre production rate 
and can produce nanofibre mats with improved regularity. Although the slot 
dimension affected electric field intensity and nanofibre productivity, it had little 
influence on the electrospinning process, fibrous irregularity and productivity of a 
curve slot. Because of the approximately closed solution system, the slot spinneret 
can effectively mitigate solvent loss during electrospinning. This allowed to 
maintain a stable electrospinning process, leading to consistent fibre quality. The 
curved convex slot may be a promising solution to design advanced needleless 
electrospinning systems. 
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5. Chapter 5 Effect of Solution Temperatures on 
Slot Electrospinning fibre and Application 
Performance by Slot Electrospun Nanofibres 
5.1 Introduction 
In this chapter the effect of solution temperature on the curved slot needleless 
electrospinning and the air filtration properties of the spun nanofibre 
nonwovens was examined. Polyvinyl alcohol (PVA) was used as model 
polymer, which has high spinning ability and is environmentally friendly. 
Solution temperature was found to have a considerable effect on fibre 
diameter, packing density of nanofibre mats, and fibre productivity. 
Increasing the solution temperature from 20 °C to 60 °C can lead to finer 
fibres with larger fibrous production rate. The nanofibre mats produced at 
higher solution temperature show increased air filtration efficiency. 
Increasing solution temperature may form a new strategy to improving 
nanofibre productivity and meanwhile increasing nanofibre quality. 
   
 
5.2  Experimental part 
A purposed-built apparatus is shown in Figure 5.1 a. It comprises a slot spinneret 
connected to high voltage power supply (ES100P, Gamma High Voltage Research), 
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two piece of air plates, two induction electrodes, a metal roller collector, and a 
reservoir for feeding polymer solution. PVA solutions were pumped out from the 
reservoir to slot spinneret, which was connected to a high voltage power supply. 
When the applied voltage (Va) was over the critical voltage (Vc), polymer solution 
jets were pulled out of the top of slot spinneret and move towards to the nearest 
induction electrodes. Due to the shielding effect by high velocity airflow around the 
induction electrodes, these jets changed their track and finally deposited on the 
collector away from spinneret. Some important parameters involved in this spinning 
process were listed in Table 5.1. Meanwhile, parameters of other needleless 
electrospinning technologies were also listed in Table 5.1. 
Table 5-1 Dimension and spinning conditions of different spinnerets. 
Spinneret Dimension Spinning conditions 
Needle 21G, 1.5 inch 9%, 20kV, 13cm 
Ball 80mm 9%, 57kV, 13cm 
Disc 80mm, 2mm 9%, 57kV,13cm 
Cylinder 80mm, 200mm 9%, 57kV, 13cm 
Coil 80mm, 160mm, 5 9%, 57kV, 13cm 
AISD-NLES 200mm, 2mm 9%, 20kV, 30cm 
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5.3  Results and discussions 
5.3.1  Mechanism of needleless electrospinning 
Figure 5.1a illustrates the setup for the curved slot electrospinning. A syringe 
pump was used to feed the electrospinning solution into the spinneret. During 
electrospinning, a high voltage was applied to the polymer solution in the 
spinneret, and the liquid level of the solution was maintained just at the top 
line of the slot, without overflow.  
 
Figure 5-1 Schematic drawing of the curved slot electrospinning setup. 
When the applied voltage was above 50 kV, jets were generated from the 
solution surface at the slot top (see the photo in Figure 5.2a). These jets 
distributed at a regularly interval distance along the slot, attributable to the 
electrostatic repulsion. After jet stretching and solvent evaporation, the 
filaments solidified and deposited on the collector. The applied voltage 
required for running slot spinning was in the range of 50-70 kV. Higher 
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applied voltage (over 70 kV) would lead to corona discharge, affecting the 
electrospinning process. All the fibres electrospun were deposited on a PET 
fibrous substrate (dimension: 100 cm × 30 cm) (Figure 5.2 b). The slot 
electrospinning was very efficient, 10 minutes of electrospinning allowed to 
produce nanofibres of the weight equivalent to that produced by conventional 
needle electrospinning approximately for 6 hours. 
 
Figure 5-2 (a)Video caption of electrospinning process. (b) Digital image of PVA 
nanofibres collected on the PET nonwoven mat. 
 
5.3.2 Effect of solution temperature on electrospinning process 
Figure 5.3 shows the influences of applied voltage and polymer 
concentration on the slot electrospinning. At ambient temperature (20 °C), no 
electrospinning took place when the applied voltage was below 50 kV 
(bottom zone). However, corona discharge resulted when the applied voltage 
above the breakdown limit 70 kV (top zone). When the applied voltage was 
set in between, the solution could be spun into various morphologies, 
CHAPTER 5 
 
96 
 
including beads (zone I), beaded fibres (zone II), and uniform fibres (zone 
III), depending on the polymer concentration in the electrospinning solution.  
    When the PVA concentration was below 8 wt.%, only beads were obtained 
(Figure 5.3I). This is due to the Rayleigh instability caused by surface tension 
and inefficient macromolecular interaction.90 Beaded fibres (Figure 5.3II) 
appeared with increasing the PVA concentration. However, electrospinning 
failed to happen when the PVA concentration exceeded 12 wt.%, due to the 
solution was so viscous to block the slot spinneret. When PVA concentration 
was in the range of 8 - 12 wt.%, both beaded fibres and bead-free fibres could 
be produced, depending on the voltage applied. For the solution with a 
relatively low PVA concentration, uniform nanofibres were produced at a 
relatively low voltage (Figure 5.3III). With increasing the PVA 
concentration, the voltage required for producing uniform nanofibres 
increased because at higher PVA concentration the increased solution 
viscosity requires stronger force to stretch the solution into fine filaments. 
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Figure 5-3 Morphological profiles of PVA nanofibres fabricated at different 
conditions. SEM images of PVA nanofibres with different morphologies: (I) 
Beads, (II) beaded fibres, (III) uniform fibres. 
 
    Changing solution temperature was expected to have an apparent influence 
on slot electrospinning process. When the solution temperature was increased 
to 60 °C, beads without fibres were produced from 8 wt.% PVA solution, 
whereas electrospinning of 13 wt.% PVA solution resulted in uniform 
nanofibres. However, the solution with a PVA concentration higher than 13 
wt.% was not spinnable due to the high viscosity. Apparently, higher solution 
temperature benefits electrospinning the solutions of higher polymer 
concentration. In this work, the solution temperature up to 60 °C was 
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examined because further increasing the solution temperature led to rapid 
evaporation of water from the solution. 
    It was interesting to note that 10 wt.% PVA solution was almost suitable 
for electrospinning the polymer solution at various temperature, in the range 
of 20 °C - 60 °C. The increase in the solution temperature only led to the shift 
of voltage range for producing uniform nanofibres. When the solution 
changed from 20 °C to 60 °C, the applied voltage range changed from 53.7-
67.2 kV to 50.1-60.3 kV. Because of this, 10 wt.% PVA solution was chosen 
for further experiments.   
 
5.3.3 Effects of solution temperature on solution properties 
Temperature effect on electrospinning comes from the effect of temperature 
on solution properties. The viscosity change with the solution temperature 
follows the Arrhenius equation 91, 
e TR
Ea
A ⋅−⋅=η                               (4) 
where η  is solution viscosity, A is frequency factor, Ea is activation energy, 
R is gas constant, T is Kelvin temperature of the solution. For 10 wt.% PVA 
solution, the solution viscosity decreased from 1500 mPa s to 680 mPa s 
(Figure 5.4), and the surface tension decreased from 54.8 mN/m to 46.6 
mN/m when the solution temperature increased from 20 ℃ to 60 ℃ (Figure 
5.5), whereas the respective solution conductivity increase from 537 mS/cm 
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to 605 mS/cm (Figure 5.6). These changes make the solution more 
favourable to jet initiation and fibre stretching. 
 
Figure 5-4 Effect of temperature of PVA solution on solution viscosity. PVA 
concentration is 10 wt.%. 
 
Figure 5-5 Effect of PVA solution temperature on solution surface tension. 
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Figure 5-6 Effect of PVA solution temperature on solution conductivity. 
 
5.3.4 Effect of solution temperature on fibre properties  
 
Figure 5.8a-e shows the SEM images of nanofibres electrospun from 10 
wt.% PVA solution at different solution temperatures. All nanofibres look 
uniform without beads. Some fibres stuck to each other forming an 
interconnected fibrous structure, attributable to the insufficient water 
evaporation from the filaments. This happened especially when a large 
number of jets were generated simultaneously. Changing solution 
temperature in the range of 20 ℃ - 60 ℃ showed little influence on the fibre 
morphology. The nanofibres obtained in the range of 30 °C – 50 °C were finer 
with narrower diameter distribution than those from the solution at other 
temperature. With increasing the solution temperature from 20 °C to 50 °C, 
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The average nanofibre diameter decreased from 410 nm to 355 nm. Further 
increasing the temperature led to an increase in average fibre diameter to 390 
nm (at 60 °C) (Figure 5.7). This is mainly due to the decreased surface 
tension and viscosity of PVA solution, making fibre stretching more easily. 
When the temperature above 50 °C, the solvent evaporation rate increased 
largely, leading to slightly increased solvent loss on the liquid surface and 
larger fibre diameter. Even if the fibre diameter increased when solution 
temperature increased from 50 °C to 60 °C during electrospinning, the mean 
diameter of the fibres electrospun at 60 °C is still smaller than that of those 
electrospun at room temperature. 
 
Figure 5-7 Effect of solution temperature on fibre diameter. 
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Figure 5-8 SEM images of nanofibres electrospun from 10wt.% PVA solution at 60 
kV applied voltage, 20 cm collecting distance and different solution temperatures: 
(a) 20 ℃, (b) 30 ℃, (c) 40 ℃, (d) 50 ℃, and (e) 60 ℃. 
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    Figure 5.9 shows the effect of solution temperature on the fibre production 
rate. For a slot spinneret with the actual length of 12 cm, the fibre productivity 
changed from 1.60 g/h to 1.98 g/h, when the solution temperature increased 
from 20 ℃ to 60 ℃. This can be explained by the decreased surface tension 
and solution viscosity, making it easier to generate the jets.  
 
Figure 5-9 Effect of solution temperature on fibre productivity. 
 
Figure 5.10 shows the packing density of the nanofibre mats. The packing 
density changed in a similar trend as the productivity. This is because finer 
fibres often give larger packing density in nonwoven. In our previous paper 
92, we reported a comparison between our slot electrospinning with 
conventional electrospinning. The productivity for the curved slot 
electrospinning is 1.6 g/h, which is much larger than that of single needle 
electrospinning (< 0.3 g/h). The productivity per unit area for the curved slot 
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is 0.615 g/(h cm2), which is comparable to the conventional needleless 
electrospinning, e.g. 0.748 g/(h cm2) for coil electrospinning. 
 
Figure 5-10 Effect of solution temperature on nanofibre packing density. 
 
Figure 5.11 shows the pore size and pore size distribution of the nanofibre 
mats electrospun from 10 wt% PVA solution at different solution 
temperatures. With increasing the solution temperature from 20 ℃ - 60 ℃, 
the average pore size deceased from 45 μm to 24 μm, and the pore size 
distribution became narrower. 
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Figure 5-11Effect of solution temperature on nanofibre membrane pore size. 
 
5.3.5 Air filtration performance 
The air filtration performances of the nanofibre mats were tested at a gas flux 
of 32 L/min using sodium chloride aerosol (size ~0.26 μm) as model particles. 
The substrate used for supporting the nanofibres was a spun bond nonwoven 
with an areal density of 18 g/m2. Without nanofibres, the nonwoven substrate 
had a very low particle filtration ability, with the filtration efficiency and 
pressure drop as low as 3.3 % and 0.7 Pa, respectively. When a thin layer of 
PVA nanofibre nonwoven (thickness is 15.6 μm) was deposited on the spun 
bond nonwoven substrate, the filtration performance was increased. 
Figure 5.12 shows the effect of solution temperature during electrospinning 
on the filtration performance of the nanofibre nonwoven (with PET 
nonwoven substrate). When the solution temperature increased from 20 ℃ to 
60 ℃, the filtration efficiency increased monotonously from 62.5% to 90.1%. 
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Meanwhile, the pressure drop of the nanofibre samples increased from 19.5 
Pa to 61.5 Pa. The quality factor had a small change with the solution 
temperature and the largest value (0.042 Pa-1) was obtained from the sample 
prepared from 50 ℃ solution (Figure 5.13). 
 
Figure 5-12 Effect of solution temperature on filtration efficiency and pressure drop 
of nanofibre membrane. 
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Figure 5-13 Quality factor of nanofibre membrane samples fabricated at different 
solution temperatures. 
 
The SEM imaging confirmed that substantial aerosol particles were 
intercepted by the nanofibres for the sample prepared from 60 ℃ PVA 
solution (Figure 5.14). In contrast, the nanofibres are partially covered with 
the particles for the nanofibre samples prepared from 20 ℃ PVA solution. 
This indicates that the fibres prepared at a higher solution temperature 
showed higher particle capture capability, attributing to the smaller fibre 
diameter and larger packing density of the nanofibre nonwoven. The results 
in Figure 5.9 and 5.10 indicate that electrospinning of 60 °C PVA solution 
leads to increased fibre diameter, fibre productivity, and fibre packing 
density, but reduced pore size. The prepared fibrous mat shows improved 
filtration efficiency. 
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Figure 5-14 SEM images of nanofibre membrane samples after filtration testing. 
Images (a-e) represents samples fabricated at solution temperature of 20 °C, 30 °C, 
40°C, 50 °C, and 60 °C, respectively. The scale bar represents 10 μm. 
Figure 5.15 shows the effect of air flow rate on the filtration properties. 
Increasing the flow rate led to increase in both filtration efficiency and flow 
resistance. For the nanofibre mat (the thickness is 15.6 μm) prepared at the 
solution temperature of 50 ℃, when the air flow rate increased from 32 L/min 
to 85 L/min, the filtration efficiency increased from 90.6% to 93.7%, and the 
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pressure drop increased from 120 Pa to 349 Pa. A similar trend was also 
reported by other researchers93, 94. 
 
Figure 5-15 Effect of flow rate on air filtration efficiency and pressure drop of 
nanofibre membrane. 
 
 Figure 5.16 showed the effect of nanofibre mat thickness on filtration 
efficiency and air flow resistance (solution temperature 50 ℃ for 
electrospinning, and air flow rate during filtration test 32 L/min). When the 
thickness of nanofibre nonwovens increased from 8.4 μm to 14.2 μm, a sharp 
increase in the filtration efficiency from 49.8% to 94.6% occurred, while the 
flow resistance increased from 20 Pa to 128 Pa. When the thickness increased 
from 14.2 μm to 20.5 μm, the filtration efficiency increased from 94.6% to 
97.1%, and the flow resistance increased from 128 Pa to 249 Pa. The largely 
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increased airflow resistance with increasing the nonwoven thickness was due 
to reduced free path for airflow. 95 
 
Figure 5-16 Effect of nanofibre membrane thickness on air filtration efficiency and 
pressure drop. 
Figure 5.17 shows the filtration performances of nanofibre nonwovens at 
different filtration time (solution temperature 50 ℃, thickness 13.6 μm). In 4 
min, the filtration efficiency increased from 89.9% to 99.1%, while further 
increasing the testing time, the filtration efficiency had little change. The 
pressure drop increased from 120 Pa to 490.5 Pa. At the beginning sparsely 
distributed NaCl particles appeared on the surface of PVA nanofibre, and then 
some particles joined to form larger ones. With filtration test continued, NaCl 
particles accumulated between nanofibres so that the filtration efficiency and 
pressure drop became larger and larger, until NaCl particles covered the entire 
surface, which led to the high filtration efficiency (99.99%) and large 
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pressure drop of 490.5 Pa. It is a typical dynamic filtration process from 
‘depth filtration’ to ‘cake filtration’.96 
 
Figure 5-17 filtration performances of nanofibre nonwovens at different filtration 
time. 
 
For electrospun nanofibre nonwovens, the residual charge left within the 
fibres could have an influence on filtration performance. To exclude the effect 
of residual charges, PVA nanofibre nonwovens were connected to a 
grounding platform, meanwhile isopropyl alcohol steam was used to 
accelerate charge removal. As shown in Figure 5.18, for the sample without 
any treatment, the charge density was still high (0.15 C/m2) even after 10 h. 
After treatment with isopropyl alcohol, the charge density was removed 
completely (charge density = zero) and in the meantime the pores among 
PVA nanofibres became larger (Figure 5.19). These changes led to decrease 
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in filtration efficiency from 89.5% to 79.3% (Figure 5.20). Apart from the 
decrease in filtration efficiency, the nanofibre nonwovens after treatment 
with isopropyl alcohol showed reduction in flow resistance, from 126 Pa to 
74 Pa (Figure 5.20). This is mainly because of the increased pore size. 
 
Figure 5-18 Plots of nanofibre charge density varied with time. 
 
 
Figure 5-19 pore size distribution of nanofibre membrane with and without charge 
removal. 
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Figure 5-20 Filtration efficiency and pressure drop of nanofibre nonwoven 
with and without charge removal. Nanofibre samples were electrospun from 
10 wt.% PVA solution 50 ℃, the electrospinning conditions were 60 kV 
applied voltage and 20 cm collecting distance.  
 
 
5.4 Conclusions 
We have prepared nanofibre nonwovens using a curved slot as spinneret. The 
solution temperature shows substantial influence on solution viscosity, surface 
tension, and conductivity, which affects nanofibre productivity, nanofibre diameter, 
the porous structure of nanofibre nonwovens and the air filtration performances. 
When the solution temperature changed from 20 °C to 60 °C, the electrospinning 
productivity increased and nanofibres became thinner with higher fibre packing 
density. As a result, the filtration efficiency increased from 62.5% to 90.1%. 
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Increasing solution temperature may form a new strategy to improving nanofibre 
productivity and meanwhile increasing nanofibre quality. 
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6. Chapter 6 Electro-aerodynamic Auxiliary Field 
Aided Needleless Electrospinning 
6.1 Introduction 
In this chapter, slot electrospinning aided simultaneously by an aerodynamic field 
and a second electric field was examined.   A syncretic effect was observed between 
the two auxiliary fields, which resulted in up to 4.5 times increase in fibre 
production rate and slightly increased fibre fineness. The use of the electro-
aerodynamic auxiliary field significantly enabled the needleless electrospinning to 
be run at an applied voltage equivalent to needle electrospinning (e.g. 20 kV). We 
also performed a finite element calculation to analyse airflow velocity distribution 
and effect of the inductive electrodes on electric field intensity profile. In addition, 
effect of various parameters on the electrospinning process, nanofibre morphology, 
and fibre productivity was examined. 
 
6.2 Experimental part 
A purposed-built electrospinning apparatus was used for electrospinning, which 
comprises a slot spinneret, airflow, inductive electrodes (electrically grounded), a 
metal roller collector, and a reservoir for feeding polymer solution (see the set up 
in Figure 6.1a and cross-sectional view in Figure 6.1b). PVA solutions were 
delivered from the reservoir to the slot spinneret, which was connected to a high 
voltage power supply (ES100P, Gamma High Voltage Research). When the applied 
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voltage (Va) was over the critical voltage (Vc), solution jets were ejected from the 
slot spinneret and moved toward the inductive electrodes. The air flows around the 
inductive electrodes redirected the solution jets, and guided them toward the 
collector in the far end. Table 6-1 lists the parameters during the spinning process. 
Table 6-1 Parameters for electro-aerodynamic auxiliary field aided needleless 
electrospinning. 
Parameters Value 
PVA concentration 8-12 wt.% 
Applied voltage 14-22 kV 
Distance between slot and inductive 
electrode 
5-25 cm 
Inlet airflow velocity 2-10 m/s 
Collecting distance 25 – 45 cm 
Slot width 0.5 - 2.5 mm   
Collector speed 5 rpm 
Environment humidity 30% RH 
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6.3 Results and discussions 
6.3.1 Mechanism of Electro-aerodynamic Auxiliary Field Aided 
Needleless Electrospinning 
Figure 6.1a and b schematically illustrates the apparatus for the electro-
aerodynamic field aided needleless electrospinning. A syringe pump was used to 
feed the polymer solution into the spinneret. The liquid level of the solution in the 
slot was maintained just at the top line of the slot without overflow, which has the 
maximum electrospinning productivity. To form a second electric field, grounded 
electrodes were set very close to the slot spinneret (the distance is around 5 cm). 
Because these electrodes are expected to generate a high electric field around the 
slot, they were also referred to as “inductive electrodes” in the paper.    
 
Figure 6-1 (a) Schematic of electro-aerodynamic needleless spinning. (b) Drawing 
of the cross-section of spinneret.  
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Figure 6-2 (a) Photo to show the spinning process. (b) Photo of a nanofibre 
nonwoven fabricated by electro-aerodynamic needleless spinning. (c) SEM image 
of PVA nanofibres fabricated by electro-aerodynamic needleless spinning. 
Spinning conditions: applied voltage is 20 kV, airflow velocity is 10 m/s, induction 
distance is 5 cm, collecting distance is 30 cm, PVA concentration is 9wt.%, and slot 
width is 2 mm. 
 
To start electrospinning, the polymer solution was charged with a high electric 
voltage through the electrode inserted into the container. When the applied voltage 
(Va) was over the critical voltage (Vc), polymer solution jets were generated from 
the solution surface in the slot spinneret. These jets distributed along the slot length 
direction at a regularly interval distance (Figure 6.2a), which was attributed to the 
electrostatic repulsion between jets.42 After further stretching and solvent 
evaporation, these jets solidified and randomly deposited on the collector. Figure 
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6.2b exhibits a nanofibre sample (dimension 100 cm × 30 cm, and thickness 25 μm) 
prepared by electro-aerodynamic needleless spinning of a polyvinyl alcohol (PVA) 
solution. SEM imaging revealed that the PVA fibres produced were uniform 
without bead (Figure 6.2c). The PVA fibres produced had a diameter of 297±75 
nm. They had a slightly smaller diameter than those produced by the slot spinning 
of normal setup (310±82 nm) (Figure 6.3).     
 Such electro-aerodynamic field aided needleless electrospinning was efficient 
in production of nanofibres. A slot of 10 cm length showed a production rate up of 
4.5 g/hr (Figure 6.3), which is over 4.5 times larger than the same slot 
electrospinning without the auxiliary field (1.0 g/hr), and it is 40 times larger than 
the conventional single needle electrospinning. 
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Figure 6-3 Comparison of fibre productivity and fibre diameter between electro-
aerodynamic needleless spinning and other electrospinning technologies. 
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Before electrospinning, the polymer solution kept stationary and stable at the 
top of the slot (Figure 6.4-i). Once a high voltage is applied (Figure 6.4-ii), charges 
accumulated on the solution surface, and the polymer solution is attracted by 
electric field force, apart from gravity and surface tension. The critical intensity Ec 
49 can be expressed by the equation:  
4 2/4 εγρgEc =                                                                                              (3) 
where g is the gravity acceleration, γ is the surface tension of the solution, ε is the 
permittivity, and ρ is the liquid mass density). When the applied voltage is above 
the critical voltage, the polymer solution overcomes the surface tension and evolves 
into a Taylor Cone and jet ejects at the top of the cone (Figure 6.4-iii). Without 
airflow, the jets directly deposited on the nearest inductive electrode other than the 
collector (Figure 6.4-iii). However, when a strong airflow was blown into the 
spinning zone between slot spinneret and inductive electrodes, the shearing force 
of airflow pushes the jets to overcome the gravity and electric force. As a result, the 
jets are redirected toward the collector (Figure 6.4-iv). In this case, the polymer 
jets are stretched under the forces of electric force and air flow. The air flow also 
assists in the evaporation of solvent from the filaments. These dry filaments 
eventually deposit on the grounded collector, forming a nanofibre nonwoven mat 
(as shown in Figure 6.2b). In all, Figure 6.4-v illustrated the force analysis of 
polymer jets at different periods including jet initiation and elongation process. As 
clearly shown in Figure 6.4-v, multi auxiliary physics fields are involved in the 
spinning process. Only a syncretic effect occurred, this system could work normally. 
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Figure 6-4 Illustration of jet formation in the electrospinning process, (i) before 
charging with high voltage, (ii) just applying high voltage, (iii) formation of jet 
without airflow, (iv) jet ejection, and (v) force analysis of polymer jet at different 
periods.   
      To probe the role of airflow and inductive electrodes in electrospinning process 
and fibre products, we conducted a series of experiments by using zero, one, or two 
inductive electrodes with and without airflow. The results are listed in Table 6-2. 
Without inductive electrode, the electrospinning process was similar to normal slot 
electrospinning. In this case, the critical voltage for jet initiation was in the range 
of 48-50 kV, and air flow had a little effect on the critical voltage. When just one 
inductive electrode was used, the critical voltage reduced significantly to 16 kV, 
whereas the airflow had almost no effect on the critical voltage. This indicates that 
the reduction of the critical voltage was mainly resulted from the electrode 
induction.  Two inductive electrodes shows a similar effect trend on the critical 
voltage when compared to the single inductive electrode. 
Both inductive electrode and air flow affected fibre production rate. Without 
inductive electrode, the fibre productive rate was only 1.0 g/hr for the spinning 
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system, and the presence of airflow only had a little increase in the productivity. 
When only inductive electrode was involved in the electrospinning process without 
airflow, no fibres were collected by the collector because the jets generated 
deposited just on the inductive electrodes. This is considerably different to the 
common slot electrospinning in which no inductive electrode was involved in the 
process. When electrospinning was undertaken with two inductive electrodes in 
airflow, the productivity was increased to 4.5 g/hr. Therefore, a synergistic effect 
resulted between inductive electrode and airflow in the slot electrospinning.   
The large fibre productivity for the electro-aerodynamic needleless spinning is 
originated from the co-action of the multiple physics fields. The short distance 
between the slot spinneret and the inductive electrodes generate high electric field 
forces, which lead to more jets generated and stretched than normal slot 
electrospinning techniques. In the meanwhile, the airflow not only assists in jet 
initiation but also strengthen stretching, contributing to the formation of thinner 
nanofibres.   
 Apart from the effect on critical voltage and fibre productivity, the inductive 
electrode and airflow also influence fibre quality. In the presence of airflow and 
inductive electrodes, the average fibre diameter had a little reduction from 310 nm 
to 297 nm, whereas the irregularity of the nanofibrous membrane slightly increased 
from 9.1% to 10.3%. It was also noted that the one with single inductive electrode 
produced less uniform fibrous membrane (irregularity =13.3%) compared with that 
of the double inductive electrodes. This can be explained by that the single electrode 
causes turbulence of airflow and hence disturbed jet movement. Based on these 
results, two inductive electrodes were selected for the further experiments.   
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Table 6-2 Influence of inductive electrodes on the spinning and nanofibres. 
 
No electrode Single electrode Two electrodes 
 
No 
airflow 
Airflow No 
airflow 
Airflow No 
airflow 
Airflow 
V (kV) 50±0.5 48±0.5 16±0.2 14±0.2 16±0.2 14±0.2 
P 
(g/hr) 
1.0±0.1 1.1±0.2 - 2.2±0.3 - 4.5±0.3 
D (nm) 310±55 305±67 - 314±82 - 297±43 
I (%) 9.1±0.7 9.9±1.1 - 13.3±1.2 - 10.3±0.8 
 
6.3.2 Effects of parameters on electro-aerodynamic needleless 
spinning process and fibre properties 
The effects of applied voltage, airflow velocity, polymer concentration, slot width, 
induction distance, and collecting distance on electro-aerodynamic needleless 
spinning process and fibre properties were investigated. Figure 6.5 shows the 
morphological profiles of PVA nanofibres electrospun at different applied voltages 
and airflow velocities. Figure 6.5 also shows SEM images of PVA nanofibres 
fabricated in different regimes. No electrospinning took place when the applied 
voltage was below 14 kV (left zone). However, corona discharge resulted when the 
applied voltage was above the breakdown limit 22 kV (right zone). When the 
CHAPTER 6 
 
124 
 
applied voltage was set between 14 kV and 22 kV, the PVA solution could be spun 
into various morphologies such as fibres with beads (zone I), interconnected fibres 
(zone II), separated fibres (zone III), and curved fibres (zone IV), depending on the 
velocity of the airflow. There was a blue zone (zone V) which means the airflow 
was not strong enough to keep polymer jets away from inductive electrodes. 
 
Figure 6-5 Morphological profiles of PVA electrospun at different applied voltages 
and inlet airflow velocities. (I) Fibres with beads, (II) Interconnected fibres, (III) 
Separated fibres, (IV) Wavy fibres, (V) fibres on inductive electrodes, jet initiation 
failure, and Corona discharge.  
 
As electric field is the primary driving force for electrospinning, applied voltage 
has an important influence on nanofibre formation and productivity. For the slot 
electrospinning, electrospinning took place when the applied voltage was above 14 
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kV.  Increasing applied voltage from 14 kV to 22 kV resulted in reduced nanofibre 
diameter from 452 nm to 297 nm, and fibre diameter distribution became narrower 
as well (Figure 6.6, Figure 6.7). The fibre production rate increased from 3.6 g/h 
to 4.2 g/h. 
 
 
Figure 6-6 Effect of applied voltage on nanofibre morphologies. SEM images of 
PVA nanofibres fabricated at different applied voltages (a) 14kV, (b) 16kV, (c) 
18kV, (d) 20kV, and (e) 22kV. 
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Figure 6-7 Effect of applied voltage on nanofibre diameter and productivity. 
 
The airflow affected nanofibre formation, fibre quality and fibrous structure. 
When the inlet airflow velocity was below 2 m/s, it was not strong enough to 
redirect jet movement. In this case, all polymer jets will deposit on the inductive 
electrodes. When the velocity was over 10 m/s, the airflow was too strong to disturb 
fibre deposition on the collector. Figure 6.8 shows the effect of airflow velocity on 
nanofibre morphologies. With increasing the airflow velocity, the productivity 
increased initially from 2.5 g/h to 4.3 g/h, and then decreased to 3.0 g/h. The fibre 
average diameter shows the opposite tendency that decreased from 511 nm to 374 
nm and then increased to 405 nm (Figure 6.9). The airflow velocity of 6 m/s was 
the turning point. Below 6 m/s, electric field force was the main driving force and 
increasing airflow velocity accelerated solvent evaporation and jet stretching. When 
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the velocity was above 6m/s, the airflow field was so large that fibre morphology 
and productivity are affected. 
 
Figure 6-8 Effect of inlet airflow velocity on nanofibre morphologies. SEM images 
of PVA nanofibres fabricated at different airflow velocities (a) 2m/s, (b) 4m/s, (c) 
6m/s, (d) 8m/s, and (e) 10m/s.  
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Figure 6-9 Effect of inlet airflow velocity on nanofibre diameter and productivity. 
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      Polymer concentration had a great influence on fibre morphology, fibre 
diameter and productivity. When the PVA concentration was below 8 wt.%, no 
nanofibre was produced from the slot spinneret. However, when PVA concentration 
was above 12 wt.%, the solution was too viscous to be electro-spun into fibres. 
Uniform fibres can be produced when PVA concentration was in the range of 8 - 
12 wt.%.  With increasing the PVA concentration from 8 wt.% to 12 wt.%, the as-
spun nanofibres showed an increase in the average fibre diameter, from 257 nm to 
429 nm. The fibre productivity firstly increased from 3.8 g/h to 4.2 g/h (8 wt.% - 
10 wt.%), and then decreased to 3.4 g/h (10 wt.% - 12 wt.%) (Figure 6.10, Figure 
6.11). This can be explained by that the solution viscosity increase would require 
stronger electric field force for jet initiation/stretching. 
 
Figure 6-10 Effect of PVA concentration on nanofibre morphologies. SEM images 
of PVA nanofibres fabricated at different PVA concentrations (a) 8wt.%, (b) 9wt.%, 
(c) 10wt.%, (d) 11wt.%, and (e) 12wt.%.  
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Figure 6-11 Effect of PVA concentration on nanofibre diameter and productivity. 
 
       The slot width was found to affect feeding of polymer solution into 
electrospinning zone especially when it was narrower than 2.0 mm. The polymer 
solution in the 0.5 mm width slot was hard to flow into the slot due to the large flow 
resistance. The solution can be effectively supplied when the slot width was larger 
than 0.5 mm. We also examined the effect of slot width on nanofibre diameter and 
production rate. When the slot was in the width range of 0.5 - 2.5 mm, nanofibres 
electrospun by these slot spinnerets shows a randomly oriented, bead-free fibrous 
structure. The nanofibre average diameter increased from 290 nm to 410 nm, while 
the fibre productivity increased from 3.0 g/h to 4.1 g/h, and after 2.0 mm of slot 
width, it changed little (Figure 6.12, Figure 6.13). 
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Figure 6-12 Effect of slot width on nanofibre morphologies. SEM images of PVA 
nanofibres fabricated at different slot width (a) 0.5mm, (b) 1.0mm, (c) 1.5mm, (d) 
2.0mm, and (e) 2.5mm. 
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Figure 6-13 Effect of slot width on nanofibre diameter and productivity. 
 
The distance between inductive electrode and spinneret, also referred to as 
“induction distance”, affected electrospinning performance and fibre quality. 
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Reducing induction distance from 250 mm to 50 mm led to increase in the electric 
field strength, and accordingly fibre productivity increased from 2.9 g/h to 4.5 g/h, 
whereas the fibre diameter decreased from 386 nm to 298 nm (Figure 6.14, Figure 
6.15). However, when the induction distance was below 50 mm, the electric field 
force was strong enough to draw fibre jet to deposit on the inductive electrodes. 
When the induction distance was longer than 250 mm, no jet was initiated because 
of the weak electric field. 
 
Figure 6-14 Effect of induction distance on nanofibre morphologies. SEM images 
of PVA nanofibres fabricated at different induction distance (a) 5cm, (b) 10cm, (c) 
15cm, (d) 20cm, and (e) 25cm.  
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Figure 6-15 Effect of induction distance on nanofibre diameter and productivity. 
 
Compared to induction distance, the collecting distance has little influence on 
fibre productivity and fibre diameter. As shown in Figure 6.16, the nanofibre 
productivity kept stable at 4.2 g/h and the nanofibre diameter slightly increased 
from 357 nm to 393 nm when the collecting distance varied in the range of 25 cm - 
45 cm (Figure 6.17). For conventional electrospinning, fibre productivity 
decreased with increasing the collection distance. In our case, the independence of 
fibre productivity can be explained by that the driving force for fibre forming is the 
electric field between spinneret and inductive electrodes. 
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Figure 6-16 SEM images of PVA nanofibres fabricated at different collecting 
distance (a) 25cm, (b) 30cm, (c) 35cm, (d) 40cm, and (e) 45cm.  
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Figure 6-17 Effect of collecting distance on nanofibre diameter and productivity. 
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6.3.3 Finite element analysis of electric field and airflow field 
To gain in-depth understanding about this needleless electrospinning, the electric 
field and airflow field were analysed by finite element methods. The geometry 
dimension and physical parameters were all set according to the actual values in 
experiments. The general meshing and calculation were performed by the software 
using default settings. During electric field analysis, setups without and with 
inductive electrodes were built and the electric potential at the spinneret was set at 
20 kV. Figures 6.18 a and c show the 3D profiles of electric field intensity 
distribution in the electrospinning area. The spinneret and inductive electrodes have 
higher electric field intensities than the collector.  Even through the inductive 
electrodes are earthed, its electric field strength was as high as 10.3 kV/cm (Figure 
6.18b). Therefore, a very strong electric field is formed between the spinneret and 
the inductive electrodes. For comparison, we also calculated the electric field 
intensity in the same routes for the spinneret without inductive electrode, as shown 
in Figure 6.18d. Obviously, the electric field intensity was much lower compared 
to that with inductive electrodes. This is in consistent with the result listed in Table 
6-2. 
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Figure 6-18 FEM analysis results. (a & b) Spinneret without inductive electrode (a) 
Electric field intensity profiles in the spinning zone, (b) electric field intensity 
distribution from spinneret to collector (route R1) and from spinneret to inductive 
electrodes then to collector (route R2); (c & d) spinneret with inductive electrodes, 
(c) electric field intensity profiles in the spinning zone, and (d) electric field 
intensity distribution of R1 and R2; (The applied voltage is 30 kV, slot width is 2 
mm, induction distance is 50 mm, and collecting distance is 300 mm).  
It was also noted that the applied voltage affected the intensity profile. When 
the applied voltage increased, the electric field intensity along routes R1 and R2 
both increased (Figure 6.19). The electric filed intensity for the spinneret without 
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inductive electrode (Figure 6.19 b) was much smaller than that of spinneret with 
inductive electrodes (Figure 6.19 d). From the spinneret to the inductive electrodes, 
the electric field intensity value first decreased when the distance increased from 0 
to 2.5cm, and then increased when the distance from 2.5cm to 5.0 cm.  
 
Figure 6-19 Schematic illustration of spinneret cross-section (a) without and (c) 
with inductive electrodes. Electric field intensity distribution of spinning area (b) 
without inductive electrodes and (d) with inductive electrodes under different 
applied voltages: 14 kV, 16 kV, 18 kV, 20 kV, and 22 kV. All the induction distance 
is 5 cm. 
 
       The spatial position of the inductive electrodes and collector affected the 
electric field. When induction distance changed from 25 cm to 5 cm (Figure 6.20 
b), electric field intensity around slot spinneret and inductive electrode both 
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increased. Similar trend was observed when decreasing collecting distance. When 
the distance between the slot spinneret and the two inductive electrodes remained 
unchanged, reducing the angle between inductive electrode-slot line and slot-
collector line from 80° to 20° led to slight decrease of the electric field intensity on 
the inductive electrodes (Figure 6.20 c). This is mainly due to the repulsive effect 
between two electrodes.  
 
Figure 6-20 (a) Schematic illustration of spinneret cross-section with inductive 
electrodes. (b) Electric field intensity distribution of electro-aerodynamic auxiliary 
field aided needleless electrospinning at different induction distance (l): 25 cm, 20 
cm, 15 cm, 10 cm, and 5 cm. (c) Electric field intensity distribution of electro-
aerodynamic auxiliary field aided needleless electrospinning with different angles 
between the inductive electrode-slot and slot-collector (θ): 20°, 40°, 60°, and 80°.  
 
        The aerodynamic field across the whole electrospinning zone was also 
analysed.  Figures 6.21 a and c show contours of the airflow velocity field from the 
inlet to outlet. As expected, airflow blows straight from slot spinneret to collector 
along the centreline and the velocity became lower at a larger distance.  The strong 
airflow in the spinning region would also change the stationary state of surrounded 
air and gather to the flow. The airflow did not blow directly to the inductive 
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electrodes. The velocity of airflow along R declined from 0.7 m/s to 0.2 m/s when 
the inlet airflow velocity was set as 6 m/s. The inductive electrodes have little 
influence on the airflow velocity and direction. When increasing the inlet airflow 
velocity from 2 m/s to 10 m/s, airflow velocity in the electrospinning area increased 
(Figure 6.22).  Even though the inlet airflow velocity is different, the tendency of 
the airflow velocity varied with collecting distance shows no difference. 
 
Figure 6-21 airflow field analysis. (a-b) spinneret without inductive electrode: (a) 
Airflow profile in the spinning area, and (b) velocity distribution of R1 and R2. (c-
d) spinneret with inductive electrodes: (c) Airflow profile in the spinning area, and 
(d) airflow velocity distribution of route R1 and R2. (The inlet airflow velocity is 6 
m/s, induction distance is 50mm, slot width is 2mm, collecting distance is 300 mm.) 
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Figure 6-22 (a) Airflow velocity profiles of electro-aerodynamic auxiliary field 
aided needleless electrospinning at different inlet airflow velocities: 2 m/s, 4 m/s, 6 
m/s, 8 m/s, and 10 m/s from left to right. (b) Airflow velocity distribution from 
spinneret to collector. The induction distance is set as 5cm and the collecting 
distance is set as 30 cm. 
 
       Figure 6.21 b and d shows that the airflow velocity around the inductive 
electrodes was almost zero. In route R2, when the distance grow up to 0.05 m 
(induction distance), the velocity sharply down to zero; while from inductive 
electrodes to collector, the air flow velocity slowly increased to 0.2 m/s. The result 
demonstrates that the airflow has a positive effect on fibre collection at the final 
collector. The induction distance (H) and distance between two inductive electrodes 
(W) have little influence on airflow velocity distribution along the centreline from 
spinneret to collector (Figure 6.23). 
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Figure 6-23 (a) Schematic illustration of spinneret cross-section with inductive 
electrodes. (b) Airflow velocity profiles of electro-aerodynamic auxiliary field 
aided needleless electrospinning at different heights of induction electrodes (H). (c) 
Airflow velocity distribution from spinneret to the collector with different distance 
between two electrodes (W). The inlet airflow velocity is set as 6m/s and the 
collecting distance is set as 30 cm. 
 
 
6.4 Conclusions 
We have shown a novel needleless electrospinning technique that consists of 
inductive electrodes and an air flow. In our work, both inductive electrode and 
airflow are essential for the success of the electrospinning. A synergistic effect 
happens between inductive electrode and airflow. This novel electrospinning shows 
considerably increased nanofibre production rate but reduced fibre diameter. In 
comparison to the conventional spinneret without inductive electrode and air flow, 
our electrospinning works at a much lower applied voltage, e.g. 20 kV. The electric 
field and airflow field analysis verify that inductive electrode could improve the 
electric field strength of spinneret, and airflow has a positive effect on fibre 
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deposition. This novel needleless electrospinning may be useful for designing 
highly efficient nanofibre production systems. 
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7. Chapter 7 Conclusions and future works 
Lots of works have been done on electrospinning and electrospun nanofibres, 
electrospinning technique itself has abundant challenges. This thesis explored novel 
needleless electrospinning technologies for large-scale generating polymer 
nanofibres, elucidated the influences of parameters on needleless electrospinning 
and the resulting nanofibres, and also studied the air filtration performance of 
needleless electrospun nanofibres. The key findings and a recommendation for 
future works are provided in the following sections.     
7.1 Main conclusions of this thesis 
7.1.1 Needleless electrospinning with slot spinnerets 
The geometric shape of convex slots had a great influence on needleless 
electrospinning, nanofibre productivity and fibre uniformity. With the same length, 
the curved slot showed larger nanofibre productivity and higher uniformity than the 
convex slots of the other shapes. The curved slot had higher electric field intensity 
than the other convex slots. Although the slot dimension affected electric field 
intensity and nanofibre productivity, it had little influence on the electrospinning 
process, fibrous irregularity and productivity of a curve slot. Because of the 
approximately closed solution system, the slot spinneret can effectively mitigate 
solvent loss during electrospinning. This allowed to maintain a stable 
electrospinning process, leading to consistent fibre quality. The curved convex slot 
may be a promising solution to design advanced needleless electrospinning systems. 
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7.1.2 Effect of Solution Temperatures on Slot Electrospinning 
fibre and Application Performance by Slot Electrospun 
Nanofibres 
Temperature effect on electrospinning comes from the effect of temperature 
on solution properties. For 10 wt.% PVA solution, the solution viscosity 
decreased from 1500 mPa s to 680 mPa s and the surface tension decreased from 
54.8 mN/m to 46.6 mN/m when the solution temperature increased from 20 ℃ to 
60 ℃,  whereas the respective solution conductivity increase from 537 mS/cm to 
605 mS/cm. These changes make the solution more favourable to jet initiation and 
fibre stretching. 
At ambient temperature (20 °C), no electrospinning took place when the applied 
voltage was below 50 kV. However, corona discharge resulted when the applied 
voltage above the breakdown limit 70 kV. When the applied voltage was set in 
between, the solution could be spun into various morphologies, including beads, 
beaded fibres, and uniform fibres, depending on the polymer concentration in the 
electrospinning solution.  
When the PVA concentration was below 8 wt.%, only beads were obtained. This is 
due to the Rayleigh instability caused by surface tension and inefficient 
macromolecular interaction. Beaded fibres appeared with increasing the PVA 
concentration. However, electrospinning failed to happen when the PVA 
concentration exceeded 12 wt.%, due to the solution was so viscous to block the 
slot spinneret. When PVA concentration was in the range of 8 - 12 wt.%, both 
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beaded fibres and bead-free fibres could be produced, depending on the voltage 
applied. For the solution with a relatively low PVA concentration, uniform 
nanofibres were produced at a relatively low voltage. With increasing the PVA 
concentration, the voltage required for producing uniform nanofibres increased 
because at higher PVA concentration the increased solution viscosity requires 
stronger force to stretch the solution into fine filaments. 
Changing solution temperature was expected to have an apparent influence on slot 
electrospinning process. When the solution temperature was increased to 60 °C, 
beads without fibres were produced from 8 wt.% PVA solution, whereas 
electrospinning of 13 wt.% PVA solution resulted in uniform nanofibres. However, 
the solution with a PVA concentration higher than 13 wt.% was not spinnable due 
to the high viscosity. Apparently, higher solution temperature benefits 
electrospinning the solutions of higher polymer concentration. In this work, the 
solution temperature up to 60 °C was examined because further increasing the 
solution temperature led to rapid evaporation of water from the solution. 
It was interesting to note that 10 wt.% PVA solution was almost suitable for 
electrospinning the polymer solution at various temperature, in the range of 20 °C 
- 60 °C. The increase in the solution temperature only led to the shift of voltage 
range for producing uniform nanofibres. When the solution changed from 20 °C to 
60 °C, the applied voltage range changed from 53.7-67.2 kV to 50.1-60.3 kV. 
Because of this, 10 wt.% PVA solution was chosen for further experiments.   
Solution temperature showed substantial influence on solution viscosity, surface 
tension, and conductivity, which affected nanofibre productivity, nanofibre 
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diameter, the porous structure of nanofibre nonwovens and the air filtration 
performances. When the solution temperature changed from 20 °C to 60 °C, the 
electrospinning productivity increased and nanofibres became thinner with higher 
fibre packing density. As a result, the filtration efficiency increased from 62.5% to 
90.1% and the pressure drop increased from 19.5 Pa to 61.5 Pa. After charge 
removal of nanofibre nonwoven, the air filtration performance (both filtration 
efficiency and pressure) had a slight decrease due to the increased pore size of 
nanofibre nonwoven and decreased charge density.  
After treatment with isopropyl alcohol, the charge density was removed completely 
(charge density = zero) and in the meantime the pores among PVA nanofibres 
became larger. These changes led to decrease in filtration efficiency from 89.5% to 
79.3%. Apart from the decrease in filtration efficiency, the nanofibre nonwovens 
after treatment with isopropyl alcohol showed reduction in flow resistance, from 
126 Pa to 74 Pa. This work could help to improve the needleless electrospinning 
performances and produce high quality air filters.
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7.1.3 Electro-aerodynamic auxiliary field aided needleless 
Electrospinning 
In this chapter, we demonstrated an efficient and scalable NLES technique to 
fabricate polymer nanofibres with fine fibre diameters and well-controlled structure. 
Normally in most NLES techniques, electric static field force is the only driving 
force for jet initiation and elongation. This novel technique employed high velocity 
airflow field into electric static field as the second driving force, which not only 
benefited to jet initiation and elongation but also integrated the jet movement. 
Meanwhile, a pair of encounter electrodes near the slot spinneret were used as the 
induction electrodes, which could promote the jet initiation and lower the value of 
critical voltage and applied voltage. Moreover, effect of parameters (e.g. 
concentration (c), applied voltage (Va), inlet airflow velocity (v0), slot width (d), 
induction distance (l), and collecting distance) on the NL-ES process, nanofibre 
morphology, fibre productivity, and diameter were systematically investigated.  
When PVA concentration was in the range of 8 - 12 wt.%, both beaded fibres and 
bead-free fibres could be produced, depending on the voltage applied. For the 
solution with a relatively low PVA concentration, uniform nanofibres were 
produced at a relatively low voltage. With increasing the PVA concentration, the 
voltage required for producing uniform nanofibres increased because at higher PVA 
concentration the increased solution viscosity requires stronger force to stretch the 
solution into fine filaments. 
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Increasing the applied voltage from 14 kV to 22 kV resulted in reducing nanofibre 
average diameter from 452 nm to 297 nm, and fibre diameter distribution became 
narrower as well. The fibre production rate increased from 3.6 g h-1 to 4.2 g h-1. 
When the inlet airflow velocity is ranging from 2 m/s to 10 m/s, the nanofibre 
productivity firstly increased from 2.5 g/h to 4.3 g/h, and then down to 3.0 g/h. The 
fibre average diameter shows the opposite tendency that it first decreased from 511 
nm to 374 nm and then increased to 405 nm. The inlet airflow velocity at 6 m/s is 
the turning point. When the induction distance is below 50mm, the electric field 
force is strong enough to attract the polymer jets toward the induction electrodes; 
while when the induction distance is over 150mm, jet initiation failed. The fibre 
productivity decreased with induction distance from 4.5 g/h to 2.9 g/h, and the fibre 
diameter increased from 298 nm to 386 nm. The collecting distance shows little 
influence on electrospinning process and nanofibres.  
Using finite element method (FEM), electric field and airflow field around the 
spinnerets and in the electrospinning zone was analysed. The spinneret and 
inductive electrodes have higher electric field intensities than the collector.  Even 
through the inductive electrodes are earthed, its electric field strength was as high 
as 10.3 kV/cm. Therefore, a very strong electric field is formed between the 
spinneret and the inductive electrodes. The electric field intensity without inductive 
electrodes was much lower compared to that with inductive electrodes. 
It was also noted that the applied voltage affected the intensity profile. When the 
applied voltage increased, the electric field intensity along routes R1 (from 
spinneret to collector) and R2 (from spinneret to inductive electrode, then to 
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collector) both increased. The electric filed intensity for the spinneret without 
inductive electrode was much smaller than that of spinneret with inductive 
electrodes. From the spinneret to the inductive electrodes, the electric field intensity 
value first decreased when the distance increased from 0 to 2.5cm, and then 
increased when the distance from 2.5cm to 5.0 cm.  
The spatial position of the inductive electrodes and collector affected the electric 
field. When induction distance changed from 25 cm to 5 cm, electric field intensity 
around slot spinneret and inductive electrode both increased. Similar trend was 
observed when decreasing collecting distance. When the distance between the slot 
spinneret and the two inductive electrodes remained unchanged, reducing the angle 
between inductive electrode-slot line and slot-collector line from 80° to 20° led to 
slight decrease of the electric field intensity on the inductive electrodes. This is 
mainly due to the repulsive effect between two electrodes.  
Airflow blows straight from slot spinneret to collector along the centreline and the 
velocity became lower at a larger distance.  The strong airflow in the spinning 
region would also change the stationary state of surrounded air and gather to the 
flow. The airflow did not blow directly to the inductive electrodes. The velocity of 
airflow along R1 declined from 0.7 m/s to 0.2 m/s when the inlet airflow velocity 
was set as 6 m/s. The inductive electrodes have little influence on the airflow 
velocity and direction. When increasing the inlet airflow velocity from 2 m/s to 10 
m/s, airflow velocity in the electrospinning area increased. Even though the inlet 
airflow velocity is different, the tendency of the airflow velocity varied with 
collecting distance shows no difference. 
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In route R2, when the distance grow up to 0.05 m (induction distance), the velocity 
sharply down to zero; while from inductive electrodes to collector, the air flow 
velocity slowly increased to 0.2 m/s. The result demonstrates that the airflow has a 
positive effect on fibre collection at the final collector. The induction distance (H) 
and distance between two inductive electrodes (W) have little influence on airflow 
velocity distribution along the centreline from spinneret to collector. 
 
7.2 Recommendations for future works 
7.2.1 Modification of the PVA nanofibres which are prepared by 
novel needleless electrospinning technologies  
In the high humidity environment, the as-spun waterborne polymer nanofibres often 
cannot be directly used due to their water solubility. For industrial applications, 
nanofibres with water insolubility and stable structure are needed. In order to obtain 
these properties, two chemical modification methods can be tried in the future, 
including graft crosslinking during preparing spinning polymer solution and 
finishing after spinning. 
7.2.2 Modelling and calculation of airflow through the nanofibrous 
filters 
In this thesis, the models of airflow across single fibre and simple fibre frame were 
built and studied. However, the nonwoven nanofibre mats belong to 3D 
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interconnected nanofibre structure. The mechanism of airflow through the filter is 
more complicate than that of airflow across single fibre.  
7.2.3 Industrial test of these novel needleless electrospinning 
technologies 
Although polymer nanofibres have been successfully produced by these novel 
needleless electrospinning technologies in this thesis, and also exhibited great 
potentials on industrial applications, the operation and production is still based on 
the lab platform. So in the future, a series of industrial tests are recommended on 
the 2-metre electrospinning pilot line, which have already been put into practical 
industrial use for coil needleless electrospinning. 
7.2.4 Fabrication of polymer nanofibres with multi structures 
In the current needleless electrospinning setups, the polymer nanofibres fabricated 
by novel needleless electrospinning technologies were single structural. In the 
future work, these needleless electrospinning setups can be modified to generate 
multi-structural nanofibres such as bi-component, core-sheath, hollow, and 
segmental nanofibres.   
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